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REMARKS 

Claims 13-16 and 26-31 were pending in the application. Accordingly, upon entry of the 
amendments presented herein, 13-16 and 26-31 will remain pending in the application. 

Claim 13 has been amended to specify a method for diagnosing an autoimmune disease, 
by taking a sample from a patient, testing the sample for IgA antibodies against human tissue 
transglutaminase, testing the sample for IgA antibodies against at least one other 
transglutaminase molecule selected from the group consisting of a-subunit of factor XIII 
(FXIIIA), keratinocyte transglutaminase (TGk), transglutaminase X (TGx), epidermal 
transglutaminase (TGe) and Band 4.2; and correlating significantly increased amounts of the IgA 
antibodies specific for human tissue transglutaminase and/or IgA antibodies specific for at least 
one other transglutaminase molecule selected from the group consisting of a-subunit of factor 
XIII (FXIIIA), keratinocyte transglutaminase (TGk), transglutaminase X (TGx), epidermal 
transglutaminase (TGe) and Band 4.2, as compared to a control sample, with a diagnosis of a 
gluten sensitive enteropathic autoimmune disease. Support for this amendment can be found 
throughout the specification and claims as originally filed. Specifically, support is available at 
page 3 (lines 8-13); page 10, line 28 through page 17, line 22; page 22 (lines 4-6); Original 
claims 5-7. 

Claims 15-16 and 26-31 have been withdrawn as encompassing non-elected species. 
However, as acknowledged by the Examiner, Applicants will be entitled to consideration of 
additional non-elected species encompassed by the generic claim. It is fiirther Applicants' 
understanding that the species election was for search purposes only and that the search will be 
extended to additional species upon a finding of allowability of the elected species. 

No new matter has been added. The foregoing claim amendments should in no way be 
construed as an acquiescence to any of the Examiner's rejections and were made solely in the 
interest of expediting prosecution of the application. Applicants reserve the right to pursue the 
claims as originally filed in this or a separate application(s). 
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Acknowledgment of the Examiner's Withdrawal of Certain Rejections 
Applicants acknowledge with appreciation the withdrawal of the (a) the prior rejection of 
claim 32 as lacking written description under 35 U.S.C. § 1 12, first paragraph; (b) the prior 
rejection of claims 13, 14 and 32 under 35 U.S.C. § 1 12, first paragraph, as lacking enablement; 
and (c) the prior rejection of claim 32 under 35 U.S.C. § 1 12, second paragraph as allegedly 
being indefinite. 

Rejection of Claims 13 and 14 Under 35 U.S.C. § 102(b) or (e) 

The Examiner has maintained the rejection of claims 13 and 14 under 35 U.S.C. § 102(b) 
or (e) as being anticipated by Schuppan et al (WO 98/03873 or US 6,3 19,726). The Examiner 
relies on Schuppan et al for teaching "methods of detecting antibodies from body fluids by 
means of an immune reaction with tissue transglutaminase," such as human tissue 
transglutaminase. The Examiner also relies on Schuppan et al. for teaching "that the tissue 
transglutaminase can be immobilized and used to detect antibodies in a sample for diagnosing 
celiac disease (sprue) (gluten sensitive enteropathic autoimmune disease)" and that such a 
method "is used to detect IgA antibodies." The Examiner further asserts that the antibodies to be 
detected by Schuppan et al "are the same as the antibodies detected by [A]pplicant[s]" and that 
the "antibodies of Schuppan et al. would be cross reactive with other antigens and would 
inherently be against TGe." 

Applicants respectfully traverse this rejection. Notwithstanding, to expedite prosecution 
and allowance of the pending claims. Applicants have amended claim 13 to clarify that the 
presently claimed method includes (1) testing a sample for the presence of IgA antibodies 
against human tissue transglutaminase, (2) testing the sample for IgA antibodies against at least 
one other transglutaminase molecule {i.e., TGe, TGk, TGx, FXIIIA (a-subunit) and/or Band 4.2), 
and (3) correlating significantly increased amounts of the IgA antibodies specific for human 
tissue transglutaminase and/or IgA antibodies specific for at least one other transglutaminase 
molecule selected from the group consisting of a-subunit of factor XIII (FXIIIA), keratinocyte 
transglutaminase (TGk), transglutaminase X (TGx), epidermal transglutaminase (TGe) and Band 
4.2, as compared to a control sample, with a diagnosis of a gluten sensitive enteropathic 
autoimmune disease. 
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In contrast to the presently claimed method, which involves detection of IgA antibodies 
against human tissue transglutaminase and at least one other transglutaminase molecule, 
Schuppan et al teach methods of identifying coeliac disease/non-topical sprue disease in a 
subject by detecting the binding of antibodies in body fluids to a single target antigen {Le., tissue 
transglutaminase (tTG)). Schuppan et al. teach that tTG is the autoantigen of sprue and describe 
methods of diagnosing sprue or celiac disease using antibodies that bind to tTG . Despite the 
widespread occurrence of transglutaminase enzymes in the body, Schuppan et al. specifically 
limited their method of diagnosis to the detection of IgA antibodies against tTG . since the 
authors of Schuppan et al. believed that tTG was the only transglutaminase enzyme which could 
come into direct contact with the gluten contained in food. 

However, as taught in Applicants' specification at page 3, line 28 through page 4, line 7, 
Schuppan' s discovery of tTG (also known as TGc) as the autoantigen of sprue did not answer 
the question why only a proportion of patients with coeliac disease also shown symptoms of 
dermatitis herpetiformis (DH). As part of the present invention. Applicants discovered that other 
transglutaminases also play a role in gluten sensitive enteropathic autoimmune diseases. 
Accordingly, the presently claimed method of diagnosis involve testing a sample for the 
presence of IgA antibodies against human tissue transglutaminase and then further testing the 
sample for IgA antibodies against at least one other transglutaminase molecule selected from the 
group consisting of TGe, TGk, TGx, FXIIIA (a-subunit) or Band 4.2. Schuppan et al do not 
teach or suggest further testing a sample for the presence of different IgA antibodies specific for 
TGe, TGk, TGx, FXIIIA (a-subunit) or Band 4.2, as presently claimed. 

In addition, contrary to the Examiner's assertion, the antibodies of Schuppan et al would 
not inherently be cross-reactive with TGe, TGk, TGx, FXIIIA (a-subunit) or Band 4.2. 
Specifically, as evidenced by the enclosed publication by Aeschlimann et al, {Thromb 
Haemost., 71(4):402-15. (1994); enclosed herewith as Appendix A), the various 
transglutaminases are immunologically distinct molecules, which differ from tTG and one 
another based on their physical properties, their location in the body and their primary structures. 
In fact, FXIIIA (a-subunit) is only 75% homologous to tTG and TGe, TGk, TGx, and Band 4.2 
are even less homologous. 
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Moreover, as evidenced by the enclosed publications by Marietta et al. (J. Invest. 
Dermatol., 128(2):332-5 (2008); Appendix B), Hull etal. (Br. J. Dermatol., 159(l):120-4 
(2008); Appendix C) and Sardy et al. (J Exp Med., 195(6):747-57 (2002); Appendix D), the 
antibodies which bind tTG and TGe are, indeed, different antibodies and support the diagnostic 
relevance of separately testing for the presence of tTG and TGe in patients suspected of 
suffering from a gluten sensitive enteropathic autoimmune disease. Specifically, as taught by 
Marietta et al., patients afflicted with dermatitis herpetiformis were found to have "TGe-specific 
IgA that fell into two groups". . . "[o]ne antibody group bound to TGe exclusively, whereas the 
second antibody group was cross-reactive and bound to both tTG and TGe" (see page 332). 
Additionally, Hull et al. confirm that patients with dermatitis herpetiformis have elevated levels 
of antibodies against tTG, as well as antibodies against TGe. Further as described by Sardy et 
al., TGe, not tTG, is the autoantigen of dermatitis herpetiformis. As such, the Examiner is 
incorrect in asserting that the antibodies taught by Schuppan et al. are inherently cross-reactive 
with tTG and TGe, TGk, TGx, and Band 4.2. 

Accordingly, since Schuppan et al. fail to teach or suggest each and every element of the 
present invention (i.e., testing a sample for the presence of IgA antibodies against human tissue 
transglutaminase, testing the sample for IgA antibodies against at least one other 
transglutaminase molecule (i.e., TGe, TGk, TGx, FXIIIA (a-subunit) and/or Band 4.2) and 
correlating significantly increased amounts of the IgA antibodies specific for human tissue 
transglutaminase and/or IgA antibodies specific for at least one other transglutaminase molecule 
selected from the group consisting of a-subunit of factor XIII (FXIIIA), keratinocyte 
transglutaminase (TGk), transglutaminase X (TGx), epidermal transglutaminase (TGe) and Band 
4.2, as compared to a control sample, with a diagnosis of a gluten sensitive enteropathic 
autoimmune disease) claims 13 and 14 are novel over the cited reference. As such. Applicants 
respectfiiUy request the Examiner to reconsider and withdraw this rejection. 
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CONCLUSION 

In view of the above amendments and remarks set forth above, it is respectfully 
submitted that this application is in condition for allowance. If there are any remaining issues or 
the Examiner believes that a telephone conversation with Applicants' Attorney could be helpful 
in expediting prosecution of this application, the Examiner is invited to call the undersigned at 

(617) 227-7400. 



Dated: March 17,2009 



Respectfully submitted. 




By 

Jill Go 
Regisji^tion 
LA 
On 

Boaton, Massachus 
(61 

(617) 742-4214 (Fax) 
Attorney for Applicants 
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Transglutaminases: Protein Cross-Linking 
Enzymes in Tissues and Body Fluids 

Daniel Aeschlimann, Mats Paulsson 

From the M. E. MCfler-lnsti'tute for Biomecharycs, University of Bern, Bem. Switzerland 



Introduction 

Transglutaminases catalyze the posttranslational modiftcation of 
pfDteins refcfrcd to as the R-glutaminyl-peptide, aniine-7-glutamyI 
transferase reaction (EC 2.3.2.13), which leads to the formation of an 
isopeptide bond either within or between polypeptide chains. It appears 
that nature has not provided an enzyme for the cleavage of the trans- 
glutaminase cross-link in protdns. The action of these enzymes 
results therefore in ibe formation of **inneversibly*' cro$s*linkcd, often 
insoluble suptaroolecular structures. In vertebrates, u^ansglutaminases 
form a large protein family and have a wide distribution amongst tis- 
sues and body fluids. P^eins modified by transglutaminases are found 
throughout the organism, e. g. in fibrin clots formed in hemostasis and 
wound healing, in cell membranes of terminally differentiated 
erythrocytes, in extracellular matrices, and in the comified envelope of 
the epidermis. Transglutaminases occur early in evolution and enzym- 
es with a similar function to vertebrate transglutaminases have been 
found in invertebrates, in plants, in unicellular eucaryotes and in bacte- 
ria. While transglutaminases in higher animals always require Ca'*^ for 
aaivity, this requiiemeni is less stringent in plants and microorganisms. 
Recently, the primary structure of a bacterial transglutaminase was 
determined (I) and it was revealed that these enzymes evolved as a 
separate lineage from the eucaryotic U^nsglutaminases. For historical 
reasons several different names are used to describe a single transglut- 
aminase gene product. The characterized gene products and the 
different designations are summarized in T^le I. The physiological 
function of the various transglutaminases is not well understood with 
the exception of the comparatively well characterized factor XlHa. The 
widespread occurrence and high degree of conservation among trans- 
glutaminases could indicate that covaleni protein cross-linking plays a 
mote important role in nature than presently appreciated. 

Eruymology 

The transglutaminase-catalyzed Ca-*^-dependent acyl-traiisfer reac- 
tion results in the formation of new 7-amide bonds between -y-carbox- 
amide groups of peptide-bound glutamine residues and various primary 
ajnincs (Fig^ (for rcvie\y sec 2^^^ 

acyl'donor and the most common acyl-acceptors are c-amino groups of 
pepiide-bound lysine residues or primary amino groups of some natu- 
rally occurring polyamincs, like putrcscine or spermidine. In the first 
case the reaction results in the formal ion of 7-glutamyl-€-lysine ctoss- 
links cither in or between proteins, whereas ihc reaction with poly- 
amincs results in protein modi ficai ions possibly affecting the biological 
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activity or turnover of the target protein, but not in polymer formation. 
The reaction is a multistep process, in which the active site cysteine 
reacts first with the 7<arboxamide-group of a glutamine residue to 
form the acyl-eozyme intermediate under release of ammonia. In a 
second step, the compkx reacts with a primary amine lo form an 
isopeptide bond and liberate the reactivated enzyme. The driving force 
for the reaction is supplied by the release of ammonia and its subse- 
quent protonation, occurring readily under physiological conditions. 
The amine incorporation proceeds with a Michaelis-Menten type of 
saturation kinetics and shouM, in a strict sense, be considered reversible 
as an exchange of amines finked to protein-bound glutamine residues 
may occur even though this reaaion is likely to be negligible under 
physiological conditions. 

Transglutaminases also exhibit catalytic activity towards certain 
esters such as p-nitrophenyl-acetate and catalyze their hydrolysis by 
reaction with H^O, at least under rin vim conditions (2. 4). However, 
reaction of HjO or alcohols with the acyl-enzyme intermediate cleariy 
occurs at much slower rate than with primary amines. 

The number of proteins acting as glutaminyl substrates is restricted, 
as both primary structure (including charge) and conformation deter- 
mine whether a gluumine residue is reactive or not (2, 5, 6. 7). In 
contrast, the tolerance to structural differences in acyl-acceptors is 
considerable with preference for branched chain aliphauc amines with a 
methylene chain equal in length to the side chain of a lysine residue (2, 
3). Amino acid residues adjacent to the lysine do not have a pronounced 
influence on the substrate properties, which explains why protein- 
bound lysine residues and small primary amines serve equally well as 
amine donors. Thus, in a particular tissue only a small subset of proteins 
are glutaminyl substrates for the enzyme, whereas most proteins are 
able to contribute c-amino groups of lysine residues to serve as acyl 
acceptors in the cross-Unking reaction. Furthermore, the specificity for 
different glutaminyl substrates differs between transglutaminases, as 
shown by the structural difference in fibrin polymers formed by the 
action of TG^ and factor Xllla (8) and by the different affinities for 
anune incorporation by these enzymes into synthetic peptide variants of 
the amine acceptor site in p-casein (5, 6). Distinct transglutaminases 
may recognize the same protein as substrate, but often with different 

affinity . and/or„ with . specificity for. dj [fcrent ,glutam inc. . residues. The. 

structural requirements of glutaminyl substrates are more stringent for 
faaor Xllla than forTCc (5. 6. 9). 

Structure of Tronsgfutominoses 

/. Factor XIU. The swbunit structure of plasma factor XIII has been 
established by electron microscopy of rotary shadowed samples com- 
bined wiih sedimentation equilibrium centrifugation. In plasma, ii is a 
teirarner composed of two filamentous b-subunits and a dimer of 
non-covalentiy associated a-subuniis and when occufrine jniraceHnbr- 
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Tdfle I Traasglutambuse tenniiiolQgy. ITic designauons used ihroaglioiit Ibc 
lui are uodertincd 



Fig, I RcacliooSchcnKof lbcTraD$ghiUminax<aidyzedTiW^ 
Ikm bctweea Ibe y-Caifioxainkk Group of ibe Fcpljde4x»iiid Glutaimne Resi- 
due and a Mmaiy Amine. R rqMCseois ctihcf a protdn-bound lysine fcsidue 
in the reaction resultins to ihe ronnatton of a protein aoss-link or an aliphatic 
side chain of variable stnictuic in the reaction resulting in the incoiporaiion of 
a pofyamine into die protein 



ly, a dimer of only the a-subtinil (10). Factor XIII Is a zymogen (hat 
is activated lo factor XUIa by thioinbin cleavage of die a-subunit 
(sec below). 

The primary structure of human placenia factor XUI a-subunit has 
been estabh'shcd by cDNA-ckming (I I, 12) and protein sequencing 
(13). Hie mature protein b produced by cleavage of the NHt-terminal 
. methionine and acybtion of (he following serine residue and consists of 
731 amino acids with a molecular mass of ~83 kDa (13, 14). The 
active site cysteine is located at position 314 (Fig. 2, cross 12]). The 
cDNA sequence indicates that the a-subunit of factor XIII does not 
contain a typical hydrophobic leader sequence for secretion (11.12). 
The absence of glycosylation and disulfide bonding (13), despite 
numerous potential sites for N linked glycosylation as well as free 
cysteines, is consistent with it being a typical cytoplasmic protein, 
.in fact, factor XIII is found in monocytes, macrophages, m^a- 
kaiyocytes, platdets, uteras and plxema in the infiacellular dimeric 
form (aj) (for review see 15). The tetrameric plasma enzyme (a,b,) 
' results from seaetion of (he a^subunit by an unknown mechanisnL 
Platelets, peripheral blood monocytes and the liver have been suggested 
to be the primary sites of (dasma factor XIII synthesis (16. 17). Expres- 
sion of factor XIII a-subunit as a fusion protein with the preprodomain 
of a secretory protein in yeast yielded glycosylated variants of factor 
XIII diat were largely retained and degraded in the endoplasmic 
reticulum (18). Apparently, targeting of factor XIII a-subunit to die 
conventional secretory pathway leads to aberrant posttranslational 
modifications. 

The primary stnicture of the b-subunii of human factor XIII has 
been determined by cDNA cloning (19). It is con^)OSed of (A I amino 
acids and contains about 8.5% carbohydrate. The resulting molecular 
mass is approximately 80 kDa. The gene encodes, in addition, a 20 
amino acid leader sequence common to conventional secretory pfotdns 
(Fig-3120J). 

Sequence analysis revealed that the b-subunit of factor XIII is 
entirely composed of 10 tandem repeats of about 60 amino adds 
each, which are called GP-I structures as they were first discovered 
in Pj-Slycoprotdn i (21) or sushi-structures because of tfidr shape 
(Fig. 3 POJ). The repeats contain four conserved cystdne residues (hat 
form characteristic disulfide borids bciwee/i the 1st and 3rd, and the 
2nd and 4th cystdne (2 1). Protdns containing a variable number of this 
type of repeat are found in vertebrates' as well as in Inveflebraies and 
participate in diverse biological systems, e. g. in the complement 
cascade, in blood coagulation and as cell surface receptors in lym- 
phocyte regulation (for review see 20). As their physiological function 
most often involves binding to other proteins it appears likely that the 
CP-I repeat serves as a protein-binding module. The recently solved 
gene struct ureof the factor XHI b-subunii (22) revealed that each repeat 
is encoded by a single exon (Fie. 3). consisicni ui'ih the view that cxon 
shuffling and duplication during evolution led to the current distinct 
gene products (20). 



GcDf Prodoci 



Alteniative i)esignations 



Plasma 

transghdamioase 
Tissue 

transglutaminase 

Keraiinocytc 
transglutaminase 

Epidermal 
transglutaminase 

Ftostate 

transglutaminase 

Eiydirocyte band 4.2 

Hemocyte 
transglutaminase 

Annulia 



Factor yill(a) . fibrin stabilizing factor. Laki-Lorand 
factor, fibrinotigase 

TCg. cytosolic-, endothelial-, erythrocyte-, liver 
transglutaminase, transghitaminase type 11 

TCk, paniculaie transghitaminase 
(tnmsigliiiaminasc B'X transglutaminase type I 

TGg. bovine snout-, calhis*. hair follicfe 
lran%luiaroinasc transglutamiaase type 111 

TCp. dorsal prostate protein I, major androgen- 
reguhied prostate secrelmy protdn, vcsiculase 

B4J. eiydiiocyie membrane protdn band 4.2 

TQ^ Urtmhs transglutaminase; invertebrate 
factor XIII analogue? 

Invertebrate keratinocyte Iransgbtanunase analogue? 



') A particulate fraction associated transglutaminase, termed transglutaminase 
B. present in lung, liver, and choRdrosarcoma has been shown to be kfentical to 
TQk (79). An assodaiion of TG^ with paniculate fractions has been observed 
and is due to an interactioa widi membrane bound pmtdns (109) 



2. Tissue transglutaminase. Molecular cloning of TG^ of human 
(23). bovine (24). mouse (23). guinea pig (25) and chicken (26) origin, 
revealed a polypeptide of 685-691 amino acids with a molecular mass 
of kDa (Fig. 2). The conservation between species is moderate 
(88% from bovine. -84% from mouse. 80% from guinea pig and 
65% from chicken lo human). The active site has been shown to in- 
volve cysteine 276 in die guinea pig enzyme (Rg. 2, cross (25, 27|). 
TG^ is not glycosylated (2) nor disulfide bonded (27, 28), although it 
contains 17 cysteine residues and 5-^ potential sites for N-linked 
glycosylation. (!onsistent widi tfiese findings. TG^ lacks a hydrophobic 
leader sequence found in secreted proteins and the NHj-termimis of 
TG^ is blocked by removal of the initiator methionine and subsequent 
acetylation of the penultimate alanine residue (29). The N°-acetyl 
group does not influence die catalytic activity of Ihe enzyme (30) and 
might therefore have a different function. It has recently been suggested 
Uiat N^-acylaiion is a signal for "alternative** secretion of proteins (31). 
There is evidence for exiemalization of TG^ in a variety of tissues 



fij. 2 Comparison of die Amino Acid Sequences of Human Factor XIII 
a-Suhunit, Human TGo Human TG^, Human TG^. Rat TGp, Human BA2, 
Umutus TGh and Grasshopper Annulin. The sequences of TG^ TG^ and 10^ 

showjhc positions of amino acid spcda as.srnall 

letters (TGf comprises sequences of human, bovine, mouse, guinea pig and 
chicken with identical amino adds in diree species taken as conserved; TG^ 
such of human and rat; and TGf such of human and mouse). Dashes indicate 
gaps inserted for optimal sequence alignment, underlined residues represent 
amino acids conserved in >4 diffeienl uansglutaminases, the cross indicates the 
active site Cys, arrows mark the protease cleavage sites in factor XIII a-subunit 
( Arg-37) and TGj (Scf-469). and triangles mark exon-inu-on bou/>darics in ihe 
genes. Asterisks and open circles at the txMiom of the aligned sequences indi- 
caie posiilons that are oaupied by identical or chemically similar amino acids 
in al) iransgluiaminases. Alternative splicing of exon I of the B4.2 gene results 
in msenion of ihe sequence GEPSQRSTCLAGLYAAPAASPVRKGSGMD 
after C!n-J in chc protein (B4.2L) 



403 



TGk ndCPRSOVCSWCgnPl 16 

FKIII SeT5ltTAFCCIlltAVPPNNSNAAeDOLPTVeLQGVVPl4v 39 

'^^K OpPTTPSPEPEPd ^RSRRGCGRSrWARCCCCCSCrNaAOOIWCPePSdSRgRCsSS CtRrp95RGsD$ RRPvSRGSGVNAACOCT 101 

TGfl TCFGRCNftFRNRSTRTRRRPRyRAeNYUSYHLOLLeimNEEFGRNWWCTPESHQPD 56 

Annv CNCCSTFRAVPKPNEGSGGGIPLHPVRGCSTRRPOSLPKPPAAVVPSPPSPGDVPDAC S8 

FKIII NLclkFI|NSCT5XHLFKCRWOTaiCVDlUiXOKXEH IIRfaaefififiQS£VV0IO£S---£PXO£RR0lFRVETVI • .\;RYeoeNKfiZYIPV£IVS 123 

TGc AEELVLERCQJ«ELEt KCRDHHXAOLCR EltLVXBfifiiZ££MLTLHCeC--BoXEA$V|2SLTFs vVI--CPa£j5qeAfiXRARFpLrO 80 

TGk ItfecMLVyMCVDLLgSRSDOMHREHHTDElfEY OEUlv£fiCfi£CH«l(.|Ls ---BdESS-QRICLELLI • '^HN£EVCKfiXHVIieVCK 104 

TGe aALgvQs i NWQks i - - -HRqAJUiXDRFSS 0« I X l££Gfin f qvLi SaN • - -kgLgSn -ErLeFIdtX- -CPyi^ESAnXKAVFpl So 77 

TCr DSRNHLVXTS^HLEKKI'' - -HAAAMIllIEXOT ORLVLBBfiQIfSLRVMLII- - -EPLOSH-CELKLI FMI- -GHMHPF- -YXVELDfMTS 79 

Bi.2 C(ALGIKSCCrOAAR---llNeElUiXKALSS RRLrYRHCOFFT I ILY£RAPVBAFL£ALKKVALTAQI- -^EQEgK IMRIQATr£ 1 SS 82 

YGh SGPSSL0yE2XE;,rTRO>--HAREUNXFHXOLVDGTR>PViaLfifiCiie£SlAlR£X--*BNXNeO00RLXLEICP--CO0CLITXCILIMLEV5C 142. 

Annu VAPEVASSCKEXfiVLLAE |lGDAiiRXRHXELHOREKEPRLVXA£i«fi£eAVSVTLS - - -£PXN£DX12AI SPVFTVEDAEK£2YG0fiXLVAV£LI^ 14 7 

« « •••• • ••• • « • • • • • • • • • «« • 

FXIir EL OSCKHCAXIVMREORSVRLSIO-SSP-XCIVGXFRBYVAVWT PYCVLRT$RNPETDTXli<£ll£H£f^DAXTLDN£REBE£XXLllfi 208 

TGc AV EEG<llltAtvvOOOOcTLSLqLC-Z£A-NBPICLXRt«St'EAST GYOGSSFVLCH£ILL£llA|l£PA|}AXrLOS£EEBO£X3U«70 1<2 

TGk <i GSCGUKAOVvR«sfiqtn.nLRVH-XSP-NBXICKFOFTVRTqS dAGEF6LPF0PRNEIXIl<£ll£M£f%ClXYVDH£DWBQ£XXiJ!e 268 

TGc « SsSGlisBvLqAsnCNCLtl6l«-S£a*SBPXfirXTaalqIf S qcg iSSvKLGT£IlLCU£tfLnvI2sXFMgNHAEBe£X3fqEfi IS8 

TCp Y RSRGHQVKIAKQSGVEVVtNVI.SAB-NBVVCRXTIlNVMEFD AGV£FLI,L|iei(£SOfiSXFMASEEOBA£Xaeiim I SI 

B4 .2 LG DRRWHSAWEEROAQSWTlSVT-XfA'OBVIGHXSLLLO V$CRKOLLLGOCTLL£2i£HNlfEJ2AXFLKM£AO£MEXI-lillO KI 

TG« SDTFTKDKTOHDVRLROHOQAVITLEIO- l£BAVB-VGVWX|lK:V$QLTSEEQPIIVSAVTNECKNKTXIIi£ll£l££XOfiSXYMED£0«BK£XXLSfi 23 S 

Annu KGAE'-SCAAUHAVLDSSADO- •rLRX0IX££A0BXVQKWRH3IDTKL KNDGAVSYSYKDP£XILYll£il£R000XFLEGEELLO£XSELilD 233 

FXI 1 1 IfiVlPYCEVNClXTRSUSYl&£EDGXJ«OTCliYVNfiBA-- 0NnLSCBGN£IKXS£XG£BlfiuiAKnDEfl3U|VfiSl|ONIXAYfiVP£SAUTQ££ 298 

TGc QGFIXQCSAKFXXnl PlfNCGG£qDGlIJ2iCLiLLSvMPXFLKNAGR0CSRBS$£XYXGBXgSgNXHCNlUK^^ 2S7 

TGk SfiRXXYGTEA01C£Rn(NYdl£0HCVLDA£l,YXLI2BR GNPYGCBGD£XnXSBXiS£2mSL0DKfiXLIfitUlsGOXSRCTN£SA||VCSSr 3S6 

TCe aG IXf VG2TNRICM iCU N£Cfl££EOIi«s I cLSXLnBSt^FRROaaTAVAsBNDBKYXgfiXtSAUIttsHOflNGXI AGHUSCtXI^^ 2S3 

TCp TCYMXMCFAKOXKEKPMTEfiRl'RS-TJLELLLPXVDPF GAQ - -GHAE£XLXSBA ICT|lMCAANNFCXLVC||iiTGDXSKCTA£YVHASSX 238 

84 . 2 MCLlXLCTADCXCASS110Eda££COVICLSLRLLSX OXOVERWSOEXHXABXLCBL^HFLXEQRXLPTPOTOATOECALLKXHRfiSX 24 8 

TC« VGXlPTC5FXCPVCi»RHIEGflETDSVtPACMLXLEBS GtDYTABSN£IKXVBAISJUlXJ!NlCi}eG3UiEGRllQCPXCOGVA£WNUTCBS 32 J 

Annu TCLXHRC5YHRLRPCV«KYA(2££XEILI}CALYLVSmG GVRPSECGD£3eRXCBAISAAXaSP|mNGAVMClll|SN0XGCCTP£TXl|ICSM 122 

« , m • ■« •••• • • • ••••«•«• •••»•« • • • • ••• 

rXIl I pyj.LEYnsSEIg-PVR rCOCWVrACV FNTV LRri.ClPAR IVTflYFSAHDNDAMLOMDrrLCEOGNVHSKLTKaSVI&YHCMIiOAK^ 386 

TGc P I f .RRWKnhCCQRr/n yflQCWVFA AVAC TyLRCLG 1 P TRVVTHYNSAliJ?QWSMl.Lr EY FRKEFGEIqod - XSEM ! WH£HCMVESmiTAgm.QPC« - J4 9 

TGk EXJ.LSYl.RTCY - cvP YfiQCVVFACV TT lVLWPLC LATRTVTMrWSAllDirTSLTMD IXFn£NMKPLEMLNHttSvWwrHYWHOCmKBEnL£SC- ' 4 4 8 

TCe EXX*KNWKKSGFsEtryCflCKX£ACTLHIa|*BsX*fiipSBV IXjjFM^AIUmtRHLSVDVIYPpMCNPLdX -caajiVHHrHVHMECBrVBsPLCpP' - 14 5 

TGp PXitOOH YITRK-£XRFCaaiX£SfiXLTiAi^AVCXJ!A£SXXIlFESAIiiaEKttjURVfiIXtI^ 3 28 

B4 . 2 PXLROl^LTGRGREXYOfiaAKXLBAXACI^eLBaiaifABVXZTFABBQGIGGRLLIOEXYHBECLONGEGQR 3 4 1 

TGm AlfjEKYLKTRevP^K YGf>CWACVA NTVSRAlXSlJSRTjmiYDSAliDXDDTl.TlDXWFDXNCDXIEDATSl^I HNFHYWM IXIfMAB£^ 418 

Annu KXLOOFTKNRK.£XRXGfiCKmSXi-TX£CBAl£L£ABrXZTYSA&l£fiXONSLTVI}YF 416 
« .««••••.••••••••••••••••••••••• •••«•• •••••« • ••••••• •••••• 

FXII I - -rC CWef VP- srPOg NjyiJhMYBCCPASVOAIKMGHtfCFOFDAPyVFA^NfiPLl Y ITAXK DCTHWENVfiATHXGKLXVXBOIfiGD 472 

TGc - -XEGUflAUS- PZfiQEKSECTXC£C£VPXRBl£ECOI^TKXfiA££X£A£XltA&VXDKlq049 fiSSvhKSINrSLiVGLKX£X£SXSRD 4 33 

TGr - - FDCW Q VVD - A TPQE TSsfe IFCCCPCSgESUtWCLtfYMKlgflTBEIfAAltSDKyYIfQROD DSSFKI VYVEEXAXCTLXVXBAI sSN S32 

TCe --XgCHQVlJi-Al2fl£RSO£VFOfai£ASXlgvreCOXQl«FBNp£I£iLE3tli£nRIW 4 30 

TGr >MDCWQVT.D- !gTPOE lseSQFRlGgSPVSAlRQGLgOFWYPTTEX£TE3aiGflKYIItLVRQNQCRERRMSHaCCPCASXfiRNX£XBMXCEN 416 

B4 . 2 - -XDGMfllltJBF5A£NG<ibVLG-SC0LVPXRAV£ECTXGLTPAVS0L£AAIllASCyVHRCCE fifiTLELTOSNTKYVGNNXSXKCXQSS 42$ 

TGm - -YC GWQA YD- STPOE TSECVyQTCPASVLAVORCEICYHFDSPFVESEtfMADWHIfOEPPSSE-TGYKXL-KIPSYRVCRLLLXXXlGVDDOFC 506 

Aanu AHY CCWQA VP- STPag LSDHMYRCG^PVVAVKQGE«LRPYl>SAY VFAEYIIAD XyFMRYSGP---TQPtKHRXnHi;CH.QHX£X£AXCRF $03 

• •••••••*•••«• • *• • 

FXII I --CMMPfTDTYKFOtfcoEgERLALETALMYG-AXXPLHTECVHKS RSHXOMDFEVEMAV-LCXOf KLSITPRUN^MHR -YIITAYL 553 

TGc - -E REPf T HT YKYPgCS sFEREAFTRAH HLIfXLAeXEE > -TGiiANRI RVGQsHNnGSQZDXFAH ITtlnTaEE>yvCRLLt 508 

TGk -^MRgPlTylYKH Plfes dAERKAVEtAAAHC SBPflVY AnRg^ • - AEOXAMOVEAODAV-MCCBL«XSXiaLitihsS SR -RIXXI4HL 611 

TG£ - -ABMDVTDK YKYPEGS dQERQVf QKALqKL BFUipFaATS^mQ 1 Et EcqEPS iSCXl KVaCmLAVGKEVnLvLlLXUlsrOt -KXXTvNH 518 

TCp - -RRQ DTT LHYKrPEGSPEERKAMEKASGXR- PDDKLMSRTLH IS VLQNSXELCHP I HLTI - VLKRKTATPQNVHIS -CSLDL 49 4 

B4 .2 -~RCEPTTOK YKYP^fi LCEXEVLERVEXEXMEREKDMGIRF>?S LETASPLYLLLXAPSSLPLRCDAQ ISYTLVUHfiEOE - XAXOLAl 510 

TCm PADA EDIT DOYKNKEGTDE^EMSVLNAARSS CFHYAFWLPS PEXEDVYFNLLOI EX IXlCOPfKXTXNI EflOSSET-RRXSAVL 58 9 

Annu ♦-O REPTT WY TKYPE KSVEERAAHLXALROS CStPSRYYLtl EDPNDXHFNFELROOIVIGSP£SyvXVHX2|RSNOCDYX3CTVLt 585 

■ ••••••■«.«••• • • • •••• •••• •••••• 

rXlII SANIxrXlfiVPXAE FIU££TFDVTLEEL-sVxKEAVLIOACEXHGOLL-EOASLHrFVTARIN£T- --ROVLAXQXSTVLTI£EIIxArCT0 640 

TGc CARTVSXNClLG?CCC-TKyL-LNLTLe£r-SEkSvPLcILXExrrDCLT-ESNLIRVR--aLLv£PvlHSYLLA-£RClYLEN£EIXXRltCEP 596 

TCr YLsVTCnCVSCtiFXETBJiE VeLA£CA^r -VtMPVAXXEXrPHLX-OOGAMLLHVSCHXXES COVLAK^/KTFRt RTfOLSL'A.LGAA 698 

TCe TAWTIlXNeTLVHEV--HBOS-AT»SLC£E-EEaehPilt I sXaCX^BYLRsONH- I RIt AVCXXPOE- - -sEVW-Erfii ILDNEtLTLEVLneA 604 

TGp 0 TYTCMXXTKLCVlQgT>--VQIGCOESi:VSLSHDSSFYlXXLCMXDDEHVlXCFIIAEIVDS CERVATOTTLCFLYSAFSVEHPSTS 579 

B4 .2 GVQAVHXNCVLAAXL-.WK5X-LHLTLSAH-LtXlITICLrrSNF£RHPP-EWTFLRLTAMATHSE$--HLSCFA-flEQXAICR£HLAXlA<PEKA 597 

TGm SASSIYYTCITCRR---IXRENGNFSLQgHQXEV'LSIEVTPDEXLEKLX-flYAMIXLYAlATXK£T-->QQTWSEEDDFHVEK£WL£LEIRGWL 67 6 

Annu RvOTVLXISHVXi3G---VBB£RVERLrXAGAVEE-VR10VSXEDXyXHIJ£TD0CAFNXACLATXMDT--HYEYFA'flDDFRVRX£OlXXKLECEP 672 
• • •• •••••• • ••• • • • •••• ••••• 

• FX i r I VXCSOHT VTVOFttUXXET^^ - £« -MFufe -lR£HSIVOWeEVCR£WVSO - HBBL IASH£SDSI,RHx/BEtOX0I0RRPSN' "73 1" 

TGc KO kR KLV AEVSLqtl£LpVaLeGCT£TV£fiACLTEEQ • Bc VE i POPVEAGEEVXVRiaOLvf 1 hmG-LHjaVVN£E£OKLXAXKGC RNXX IGPA 68 6 

TGk vjLCaECEV0IvrX|lELPvTLT||VV£RLEfiS6I»ORP--BtLHVcA)-iGGHElVTLR0sFV£VRPC-PB0LlASLDSP0LS0XMCVI0XOXAPapCd 789 

TCk ryRK£VNVOBlF£ll£LDe£VrdcVLoiV£fiSCIl Ignl kl -<lvpt - IgEXErSRvRFdl I£sRSG-TX0Ll-A0E5CiixrPaCXAMLs IDXaE 692 

TCp KXNQjeLTITCNf KUTLPI£J-TmX£SVESLaLNHM--BSWE0ET-Vp£GXXXNF01ECT£VXTGHPaEFlVX£XSH0VXEXMAEXVXI-lTX 667 

B4 . 2 EOyQ.eLTASVSLOtlSLDA2MEDCV:SILCRGLIMRE-RSYRVRS-VHEEHIMCAXFOFT£THVC-tORl*TV£VDCNHrONLTffYKSXTXVAPELS €09 

TCh OyCT£fVLAlSL7|l£LKRV'LOllCF£TXEAPGVTCAF-RV-THRD-XOEEEVAVHTVRH£OXPG-PaBlVATESSROUI0)tVGSXQXEltLO 76 3 

Annu VOCflEMSAVATLXaCLPIEVXXGQELIEfiPGIARTO-KIKLSCW-XAECEEASVIIFXFTEKYDC-RATIAAXESSr.eUOCXDtaFLHFHXEPICXEV 764 
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Fig, 3 Ammo Acid Scqneoce of the b-Subunil of Human Factor XIIL The 
solid arrows Indict the location of inlrons ( A-K) in the gene coding for Uie 
b-subrniiL The signal sequence of 20 amino acids is enclosed in the long open 
box. The NHj-temunal Ghi residue in the maiuie protein is labeled I, while 
ihe C00H4enniftal Thr lesidue is labeled 641. (Reproduced from 20 with 
permissioo) 

(32-35) and this is likely to occur via an "altemau've" secretoiy 
pathway. A smgle lianscripl of 3.6-3.9 kb has been observed in varying 
amounts in diflcrcnl tissues: hing, heart, kidney, red Wood cells > liver, 
spleen, testes; whereas it could not be detected in brain and thymus 
(23. 24. 26). However, Ihe relative amount of protein in these (issues 
diflen from (he mRNA levels, and (he pro(dn is most abundant in liver 
and spleen, followed by heart, kidney and lung (Fig. 4 J36J). It appears 
that TG^ expression in different tissues is regulated not only by 
transcription but also on the translational level or by the rale of protein 
(unK>ver. 

. 3. Keratmocyte trans%lusammas€. The cDNA-cloning of IG^ from 
human and rat epidermal keratinocytes revealed a prolan composed of 
817/813 and 824 amino acids, respectively, %ith a molecular mass of 
'^89-90 kDa (37, 38). The proteins from rat and human display a high 
degree of sequence identity (92%). TG,^ is peripherally associated to 
the cytoplasmic side of the plasma membrane through fatty acylaiion 
by thioester-linked palmitic and myristic acid (39, 40). A cluster of 
5 cysteine residues in theNHj-tcrminal extension (Fig. 2. res. 44-50) of 
TGj( are likely to provide the molecular basis for fatty acylauon as 
is commonly observed in intracellular proteins. Indeed, deletion or 
conversion of the cysteine residues by »tc direaed mutagenesis 
prevented membrane andiorage of the enzyme in transfection experi- 
"^ifiPis.l^l?) and a soluble fonn of TG,^ resuk^ 
entiation of keratinocytes w vivo from proteolytic processing of the 
92-kDa to an ^80-kDa enzyme missing the menibrane anchorage 
region (40). The NHj-tenninal extension of TG^ contains, in addition, 
a repeating S-residue serine- and arginine-coniaining motif that is 
reminiscent of known phosphofylation sites for protein kinase C (37). 
Indeed, phorbol ester-stimulated phosphorylation of serine residues 
in the anchorage region of IQ^ has been demonstrated (41). 
Phosphorylation might regulate the acfiviry and/or substrate specificity 
of the membrane bound enzyme, 

< Epidemuil trans ghtaminasc. TGf is a proenzynie that requires 
proieolytic aciivaiion and is the least undcrsiood of the "classicar 
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ffg. 4 Transglutaminase Activity and TG^ Botein Levels in Extracts of Va- 
nous Guinea Kg Tissues. Tissues, liver (UX bean (H). kidney (fC). hing (Lu), 
and spleen (S) were exiracted in 0.25 M suaose(27) and die transghitaminase 
activity in the exiraas (A) was determined by incorporation of (^Jputrescine 
into A^^-dimethykasein according to ihe standard protocol (32). The proteins 
in the difTcrent extracts were separated by SDS-PAGE in 3-15% pdyactybnu- 
de gradient gels and stained with Coomassie brilliant blue R (B) or after elec- 
trophoretic transfer to nitrocellulose by incubation with antibodies specific for 
TG( (C 1320. M, standards are indicated on die left 



(ransghitaminases. The primary structure of TG^ was receialy cludda- 
ted by cDNA-dom'ng from human and mouse epicfermis and revealed 
a protein of 692 amino acids with a molecular mass of about 77 kDa 
2 . J42 J). The degree of sequence^ idcntjly. between species is 
low (only ^^75% from mouse to human). Apparemly, TGg is still 
undergoing "rapid" evolution. 

5. Prostate transghtammast^ Rat TGp was reported lo be a homodi- 
merk protein of 150 kDa with monomers of 71 kDa by sedimentation 
equilibrium ccntrifugation or '^5 kDa by SDS-PAGE (43). Sequen- 
cing of cDNA-cloncs encoding rat TGp showed a protein of 668 amino 
adds with a calculated of 75*479 (Fig 2 (44)). Although the protein 
is a major secretory product of rat dorsal prostate and coagulating gland 
(44), a signal peptide was not found in the deduced sequence and 
the protein was shown lo be NHj-terminally blocked, a typical feature 
of iniraceilular proteins (44). The presence of mannosyl residues and 
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Table 2 Amiiio add ideiitity between the difTeiail transglattminase gene products. The extern of amino add ideality of factor XIII a^tdwnit (FXIll). lissoe 
transglutaminase (TGc), keialinocyle tfansgluiammase (TGkX epidennal (ransglutaminase (TGc), prostate transglutaminase (TGp). band A2 (B4.2). heinoqrie 
iransglutaminase (TGh) and annulto (Aonu) was caknlaled fnwn the sequence aliment (Fig. 2) in the region spanned by all gene pioducts 
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of a phoqphatidylinositol anchor have recenlly been demonstrated (45). 
Moreova. secretion has been shown by tmmunogold electron miao- 
scof^ to occur in apocrine secretory vesicles (hat are pinched off from 
the sqMcal plasma nnembrane into the lumen where the contents are 
released after rupture of the surrounding membrane. TGp appeared 
absem from endoplasmic reticulum and Golgi by this technique and is 
therefore likely to enter the vesicles directly from die cytoplasm 
(45-47). 

6. Eiyihrocyte membrane protein band 4.2. Band 4.2 is a component 
the cytoskeletal network underlying the erythrocyte plasma maa- 

The complete amino acid sequence of human B4.2 has been 
deduced from its cDNA. It consists of 69 1 amino acids giving a protein 
of 77 kDa that shows a remarkable homology to known transglutami- 
nases (Fig. 2. Table 2). but carries a cysteine alanine substitu- 
tion in the U^sgluUminase active site (48). Therefore, B4.2 represents 
a catalytically inactive member of the transglutanonase family. 
Membrane association is facilitated by myristylation of the penulti- 
mate glycine residue after cleavage of the terminal methionine (49. 50) 
and has been suggested to be stabilized by phosphorylation of B4.2 
reiKkring an association-prone conformation (49). An isoform of B4.2 
carrying a 30 amino acid insert after Gln-3 at the NHj^terminus of 
the protein was identified and termed B4.2L (51). Moreover, a short 
form of B4.2 missing the sequence encoded by exon III (see below) 
has recently been described (49). This is the first time that alternative 
splicing has been shown to occur in the u-ansglutaminase gene family. 
The difference in function of the isoforms is unknown, but B4.2L might 
be subjected to specialized posttranslational modification as has 
been observed in the NHj*^^''^^ transglutaminase gene 

pioducts. 

7. Hemocyte transglutaminase and annulin, the arthropod analo- 
gues of vertebrate factor XIII and keratinocyte transglutaminase? 
Tsolauoh aikl sequehdng 0^^^ coding for Umulus 
TGh (^^* ^ the grasshopper protein annulin (54) showed proteins 
homologous to mammalian transglutaminases containing 764 and 772 
amino acids with a molecular nnass of 36 kDa and 87 kDa, respect- 
ively (Fig. 2). Both proteins contain neither a signal sequence nor 
N-linked glycosylation and disulfidc-bonding, which would suggest 
that they are intracellular proteins (5'3. 54). In agreement, the NHj- 
tcrminal amino add of TG^ is postiranslationnlly modified (53). 

Although annulin appears to be associaied with the plasma mem- 
brane, it docs not contain a iransinernhrane domain (54). TG^ and 
aiinulin do. for several reasons, appear lo be niosi closely related to the 



a-subunit of factor XIII and TG,^. First, sequence comparison reveals 
that the extent of identity of mammalian factor Xlll a-subunit and TG,^ 
10 TG|| and annulin is more pronounced than to e, g. TGc ^ TCp 
(Fig. 2. Table 2). Hiis is a striking observauon, considering the fact that 
TG|, and annulin arc arthropod proteins, which sepanted from the 
vertebrate lineage early in evolution, and the other transglutaminases 
compared are mammalian proteins. Second, both TG^ and annulin 
contain NH^-terminal extensions similar to those of the a-subum'l of 
factor XIII and TG^. The extension of annulin resembles the one 
of TG|( (37) in that it consists of two consecutive cysteine residues, 
potentially involved in fatty acylation for membrane anchorage, and the 
arginine* and senne-nch motif, thought to be a site for phosphorylation 
(Fig. 2). Third. IG^ is expressed in hemocytes and hepatopancreas (53) 
and fulfills a function similar to mammalian factor Xllla in blood 
coagulauon. while annulin shows a restricted expression in e^nthelial 
tissues (54) similar to TG,^. However, TG^ does not need proteolyuc 
cleavage for activation. 

Structure of TronsgKitaminase Genes 

The genes for the a-subunit of factor XIU (55) and TG^ (56. 57) 
were shown lo have 15 exons, wherns the gene for B4.2 (58) contains 
only 13 exons. However, with the exception of the first and the last 
exons which consist largely of noncoding sequence, and exon II of 
factor XIII andTG,( which encodes the nonhomologous NHj-terminal 
extensions, all exons are of veiy similar or exaaly the same size 
(Fig. 2, triangles). Exons X and XI of the factor XIII a-subunit and TG^ 
gene are fused to one exon in the B4.2 gene. This explains the smaller 
number of introns in the latter gene. In addition, there is not only a 
remarkable conservation of the positions of intron splice points but al- 
so of intron splice types. C!onsidering !^<is\a^znty in gene sm^ture 
and the homology of the primary and predicted secondary stnicture. it 
is likely that the different transgfuUminase genes are derived from a 
common ancestral gene. So far the human genome has been shown 
to contain a single gene copy per haploid genome for each type of 
transglutaminase characterized. Polymorphisms of both factor Xlll 
a-subunit and TG,^ have been observed in the human population indica* 
ling thai the genes are present in different allelic forms (17, 55, 56). 
The genes for human factor Xlll a-subunit. TG,f and B4.2 have been 
localized 10 chromosome 6 (20), 14 (56), and 15 (51). respectively. 
Thus, it appears that the transglutaminase genes became scattered in the 
genome after duplication of the ancestral gene. Oesptie the very similar 
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sinictiue of the genes they differ lemaikably io size. The gene for the 
faaor XIII a-subunll is Isger than 160 Vb, whereas the genes for TG^ 
and B42 are ooly '^li or '^ZO kb, rcspcdivcly. 

The gene for band 42 differs in two respeas from the oihcr two 
genes of known stnidure. First, exon I and exon 111 of Bi2 can be 
altemativdy Sfrficed, thereby giving lise to the 30 amino add larger 
B4.2L form that has been observed to be a nnnor component of reticu- 
locyte membranes, and (he shorter form observed in endothelial cells^ 
respectively (49, 51, 58). Second, the B4.2 gene lacks the exon 
that encodes ihe NH^-terminal extensions in the gene for factor XIII a- 
subunit and TG,^. This Is consistent with a hypothetical diveigencc of 
the factor XIII a-subunit and TG^ from a lineage giving rise to 
TG^ TGf and B4.2 by gene duplication and subsequent addition of an 
N Hi-terminal extension (see below). The low degree of homology in 
the DNA sequence coding for the NHyterminal extension of TG|^ from 
human and nl (37) indicates that this repetitive segment undergoes 
rapid change without influencing enzyme function. It appears proC^le 
that both the aaivaiion peptide of factor XIII a-subunit and the mem- 
brane anchorage region of TG,^ evolved from an originally noncoding 
DNA s^menl by acquiring either the thrombin cleavage site or the 
cysteine duster for membrane anchorage. 

Structured Compoifson of ttie Different 
Transglutanvnases 

Sequence comparison of the different transglutaminases within the 
region spanned 1^ all gene products revealed that these enzymes are 
clearly related (Table 2). The sequences around the active site cysteines 
(Fig. 2. cross) show the most pronounced sequence homology. Al< 
though the sequences most highly conserved in TG^ from different 
species often correlate with (he sequences most conserved between (he 
members of the transglutaminase family (Fig. 1 mderiined), this is not 
alu*ays the case (r. g. res. 1 1 S- 1 32 of TG^). These additional conserved 
regions might accoun( for spedal properties of a single gene product. 
When sequences spanning the active si(e region of transglutaminases 
are used as probes in computer searches in protein databases (13) the 
catalytic regions of various thid proteases are identified as the most 
closely homologous domains outside the actual group of transglutami- 
nases. This indicates a distant structural relationship beyond the re- 
quirement for a caialytically aaive cysteine in both enzyme families. 

Considering the rales of divergence of the transglutaminase genes 
between differem species (0.085% amino acids changed per million 
year in TG^ from birds, rodents to human, and 0.1 16% and 0.0459b 
amino acids changed per million year in TGg and TG^ from rodents to 
human, respectively), ii is likely that the vertebrate transglutaminases 
were distinct before reptiles separated from fish about 400 million years 
ago. This view b consistent with the obser\'aiion tfiat a human TGk 
cDNA probe hybridizes to genomic DNA isolated from human, rat, 
chicken, load.and . fish. (57). However, the. probe does, not hybridize ... 
to Drosophila DNA (57), which might mean that divergence beyond a 
certain degree results in homology in only the minimal stroctural re- 
quiremenis for a functional transglutaminase. 

A closer comparison of the different transglutaminase gene prod- 
ucts reveals two evolutionary lineages (Fig. 5 |37J). B4.2 shows a 
cleariy higher relationship to TG^ and TG^ than to any other gene 
product (Table 2). However. B4.2 appears to have rapidly diverged 
since separation from TG^ and TG^. which is especially evident from 
the much lower degree of identity in the amino acids typically conscrved 
among (he different enzymes (Fig. 2, widerlioedl This might reflect the 
difference in function between B4.2. which ha5 lost the catalytic activ- 
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Fig. 5 lYoposcd Phyk^nctic Tree of the Transglttiaminase (kne Family. 
The proposed pedigree b based on ihe structural amilariiy (Fig. 2) snd the 
sequence identity (Table 2) between the differcni gene products. A final 
dassioi of TG^ with die other irarngtolamiiiases was not possOrie with the 
presently avatlaArfe inforroaitoo 



ity* and the other transglutaminases. The similarity is most pronounced 
between TG,^ and factor XIII a-subunit, indicating that Uiis separation 
was the most recem in the evolution of die transglutaminases (Table 2). 
The origin of TGp is unclear as it has diveiged extensively and does 
not have a significantly higher sequence identity with any of the two 
lineages (Table 2). However, a comparison of distantly rdated proteins 
on the level of the primary structure is not always conclusive as the 
different gene products might have diverged at different rates and a 
final pedigree will require information about the gene struaure of all 
enzymes. 

Regulation of Transglutaminase Expression 
by Signoling Molecules 

/. Tissue transj^httamiiiase. Retinoids have a wide range of develop- 
mental effects; retinoic acid has been shown to act as a morphogen in 
vertebrate limb development, and retinoids have been implicated in eye 
and epithelial development. TG^. expression was shown to be enhanced 
severalfold by retinoic acid in vivo and in vitro. The induction 
is due to higher mRNA (24, 59) as well as protein levels and occurs in 
many differem cdl types, e. g. in residem peritoneal macrophages (6(9. 
aonic endothelial cells (61 ), and hepaiocytes (62).lT)e induction occws 
at physiological concentrations of retinoic acid (60) and leads to an 
intracellular accumulation of the enzyme (62, 63). Tbe mediators of 
retinoic acid-induced TG^ expression were shown to be nuclear 
receptors for trans-retinoic acid, RAR-P and RAR^, as well as for 
cis-retinoic acid, RXR's. The expression of retinoic acid receptors and 
of the enzyme could be correlated in developing chick limb buds (64). 
Co-regulation of RAR-P and RAR-7, but not RAR-«. with TG^ has 
been observed in many aduh tissues, including trachea, lung, liver 
and bladder (65). The recent cloning of the promoter region of TG^- 
revealed that indeed consensus motifs of the estrogen receptor-type 
binding. site arc present which may function a? rciinptc acid^resppnsiyc_. 
elements (66). The promoter region contained in addition presumptive 
responsive elements for interieukin-6 (66) and regulation of TG^ in 
hepaiocytes by this cytokine on mRNA and protein level has recently 
been demonstrated (67). In(erieukin-6 is involved in the regulation of the 
immune response, hemopoiesis and inflammatory reactions, and 
induces difTercniiation in certain celt-lineages, e. g. macrophages, and 
probably the concurrently occurring expression of the transglutaminase. 

A similar induction of TG^- expression is observed by treatment of 
cells with ihc pharmacological agent sodium buiyrate(63, 68). Butyric 
acid is believed lo influence chromatin structure by inhibiting hisione 
dcacciylasc and thereby causing a hyperacetylation of hisiones (for 
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review see 69). This produces a wide variety of effects on cells such 
as anest of growth, pfomoiioQ of differeotiatfon. reveisioD of iians* 
fonnaiioa characteristics and spedfic induction of various proteins. 
PCI 2 phcochromocyionia cells arc able Co diffeicnUaie either along 
the neuronal pathway into sympathetic-like neurons in presence of 
nerve growth factor or into cells showing the characteristics of mature 
cfaromalTin cells following treatment with butyric acid. Both difTereo- 
tiation promoters cause growth arrest, but only butyric acid-induced 
differentiation into chromaffin-like cells is accompanied by up-regula- 
tion of TCc (68). Thus, TCq expression strictly correlates with the 
differentiation of cells along certain maturation pathways. 

Cells expressing high levels of the enzyme, due to induction with 
retinoic add (6 1 ) or with sodium bulyraie (68). or through transfedion 
with multiple copies of the gene (63), show morphological feanires 
different from their normal counterparts. The cdls change thdr 
appearance to a more spindle-like, flattened morphology, probably 
indicating an increased adhesion of the cdls to the stibstraturo. 
Interestingly, overcxpression of the enzyme by induction in vivo (62) 
or transfedion m vitro (63) does not lead to increased levels of cross- 
link formation. This indicates that the enzyme is largdy present in- 
tracellularly in an inactive form and the activity of the enzyme is 
independently regulated from gene expression, perhaps by limited 
secretion. 

The fusion of mouse alveolar macrophages, a process thought to 
resemble osteodast formation, is induced by 1.25'dihydroxy vitamin 
Dy The vitamin acts by up-regulaiing spermidine synthesis, which in 
turn leads to an accumulation of TCi^ protdn (70). Macrophage fusion 
can be separated into two steps, a first one involving spermidine 
dependent protein synthesis, and a second one comprising the actual 
fusion process which is stridly dependent on extracellular Ca-^ and 
transglutaminase activity. This indicates that TCq might play a role in 
certain steps of the differentiation process of cdls, rather than its up- 
r^gulation bdng a secondary effed. 

2. Keraiinocytt transgluiamiiiase. TG|; plays a major role in the 
cross-linking of the cornified envelope during terminal differentiation 
of keratinocy tes. There is inaeasing evidence for a regulation of kcra- 
tinocyte differemiation by the phospholipase C and protdn kinase C 
(PKC)-dependenl signal u^ansduction pathway, i. e. phosphoinositide 
turnover, intracdiular |Ca^^), and diacylglycerol. Pborbol esters and 
glucocorticoids were recently shown to induce TGyr on the transcriptio- 
nal levd in a PKC*dependent manner (71, 72), and the authors 
suggested that a spedalized form of PKC, present mainly in long and 
skin, might be invd ved. Studies on the promoter region of human and 
rabbit TG^ revealed a conserved API site among other regulatory 
elements, e, g. SPI and AP2 (72). Whereas no API site was found in 
the TG^ promoter (66), other regulatoiy elements are present in both 
genes, supporting a unique role of this element in regulation of the TGk 
gene. API sites are known transcriptional regulatory elements for PKC 
^y!?^2?9f!i such as phori^ estcre^^ C,mighl., . 

also regulate TG^ on the proiein level by phosphorylation in the mem- 
brane anchorage region (41). Retinoids suppress terminal differentia- 
lion of keratinocytes together with the expiession of TG,^ (72. 73) and 
of major cofnincd envelope sii>su^tc proteins (74, 75), whereas TG^ is 
expressed at high level (73). The coupled regulation of TG^ and the 
proteins fomiing ihe comificd envdope supports the notion that TG,^ is 
the (ransgiuiaminase mainly involved in the aoss-linking of ihis sinic- 
ture. Induaion of transglutaminase adiviiy by members of ihc TGF-P 
family h^d been described in cultured keratinocytes, wiihoui concur- 
rently occurring squamous differentiation, and could be shown to be 
due to an op-rcgulaiion of TG(;. but not TG,j. ai ihc transcript ional level 
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(76). This idales to the physiological situation where TG^^ is expressed 
by the undifferentiated basal keratinocytes^ 

J. Prostate transglutaminase. Androgen regulation of TG^ ^ 
demonstrated by its appearance in rats around the age of puberty and 
the decrease in synthesized protein foltowing castration (43). The 
siimulatioD is due to increased transcription as shown by an approxi- 
matdy 80% decrease in mRN A subsequent to androgen withdrawal by 
castration and an increase to noimal following treatment with die 
replacement testosterone (44)l 

Regulafion ot Transglutaminase Activity 
by limited Proteoly^ 

Several transglutaminases are zymogens that need proteolysis for 
acu'valion in addition to Ca^^-binding. 

/. Factor XW, Activation of plasma factor XIII proenzyme (ajbz) to 
factor Xllla (a%) is a two step process that is initiated by chrotnbin^a- 
talyzed cleavage in the a-subtmits at Arg-37 (Fig. 2) to yidd the cleaved 
a*-subunits and the 37-amtno add aaivation peptides (13, 14), fol- 
lowed by Ca-^-dependent dissociation of the b-subunits from the 
cleaved zymogen (77). The precise function of the b-subunit of factor 
XIII is not knouu bitt it is tliought to protect or stabilize the a-subunit 
or to regulate the acu vauon of the zymogen in blood plasma. The intra- 
cellular form of faaor XIII (a,), e. g. from plaidets, is activated by 
thrombin cleavage alone (77). A second specific cleavage site for 
duombin-caialyzed proteolysis of factor Xllla is k)cated at Lys-513 
(1 3). Qeavage at diis site yidds a 56-kDa fragment which contains the 
reactive diid site and a 24-kDa carboxyl-tenmnal fragment Contradic- 
tory lesults have been obtained about the effect of thrombin deavage at 
this site on factor Xlll activity ( 13, 15). 

2. Epidermal transglmaminase. The zymogen form of TGf b 
activated by proteolytic cleavage after Ser-469 (Fig. 2) imo a 50-kDa 
fragment, containing the catalytically essential SH group, and a 27-kDa 
carboxyl-terminal fragment (42, 78). The cleavage site corresponds to a 

amino add insert um'que to TGg that is tbou^t to form a flexible 
segment separating the two domains and that varies highly in composi- 
tion between spedes (42). As the (wo domains remain noncovalently 
associated to each other, the cleavage is likdy to induce a conformatio- 
nal change that leads to an exposure of the active site thiol. The activa* 
tion of the zymogen is catalyzed by a number of different proteases 
inchiding e. g. trypsin, thrombin, protdnase K and dispase (78). fiow- 
ever, in the epidermis it is likely thai the proenzyme is deaved by a 
member of the Ca-^-dependent cystdne protdnases. (he calpains» 
which are known to be present in this tissue. 

Regulation of Transglutaminase Actrvily 
by Divalent Cations arxl Nucleotides 

Both reactions jcalalyzed_ by TGc, the transfer reaction, leading to. . 
the incorporation of primary amines into' peptide bound gluiamine 
residues, and the esierolytic reaction, defined by the hydrolysis of 
p-nitrophenyl-acetate, depend on the same catalytic site in the protein 
(2. 4). Similarly, for both reactions an activation of the enzyme through 
a confonnaiional change induced by binding of Ca-*-ions is required 
The enzyme was found to bind 3-^ Ca^*-ions wiih a Kj of 1.0 ± 0.6 X 
10-' M by equttibnum dialysis (4). The metal ions bind to at least two 
sites on the enzyme with different affmiiies, thus giving rise to several 
possible enzyme-metal complexes. A complex containing metal bound 
to only One site catalyzes the esierolytic reaaion, whereas the complex 
in which cations are bound at both sites acts in amine incorporation 



into gtutaminc substrates (4). The specificiiy of cation-binding appears 
to be high as only SH* can replace Ca^^ and activate, although at 
IWold higher conccrtrau'on, but not Mg'*, Ba^\ or Mn^* (4, 36). 
Seveia] other metal ions such as Fe^% Cu'\ W*, etc.. even stron- 
gly inhiVt tnnsgliitainiiiase activity in prnence of Ca^* (4. 28). 
A amilar cation dependence has been descnfaed for the other trans- 
gltdaminases, g. factor XIII (3) and TG^ 0% 

The inactiyatiofl <A1Qq by Cu^^ has been ^own to be due to an oxi- 
dation of free suJIhydryl groups to intramolecular disulfide bonds (28). 
loleichatndsulfide bonds have not been obsemd. In contrast. Zn'* has 
been shown lo inhibit factor Xllla in presence of Ca^^ in a competitive 
manner with a Kg of about lO*^ M (3). IQq is similarly inhibited by 
7xf* (3), and the inhibition is accompanied by massive aggregation 
of the enzyme and is not due to disulfide-faond formation (D. Aeschli- 
mann. unpublished lesulls). Consequently, the inhibition of transglut- 
aminases by 2xf* occurs by a tfiffeient molecular mechanism than 
inh3)ition by other heavy metal ions and the ratio of \7xf*y[C^*] may 
play a role in regulation of transglutaminase activity. This nughl 
be impoftani as shows an inverse intracellular to extracellular 
conceidniion rekdionship as compared to C^* and may contribute to 
keep the intraccDular enqrme in an inactive state. 

Sequence analysis of the transglutaminase genes revealed no typical 
Ca^*-bimfing motif, such as the EF-hand structure which comprises the 
caldum binding site of many other proteins, €, g. calmodulin. The Ca^*- 
binding sites in transglutaminases are of low affinity and probably <fif- 
fer also in structure from the lugh affinity sites in typical C^*-binding 
proteins. Regions rich in negatively charged residues were postulated to 
be potential Ca^*-binding sites in transglutaminases (13. 24, 25. 38. 44). 

Regulation of activity by guanosine nucleotides appears to be a 
chaiactcristic feature of the tissue type enzyme (TGc) independent of 
origin, whereas the activities of other transglutaminases such as factor 
Xllla. TGk, TGp and TG„ remain unaffected (80). GTP and GDP. bind 
to TG^ in a reversible manner and give half maximal inhibition at '^100 
pM and pM. respectively. In contrast. GMP and cyclic GMP 
show no inhibitory effects. Other nucleotides such as ATP or CTP 
inhibit iransglutanunase activity first at a IQQMM higher concentra- 
tion. The binding of guanosine nucleotides and Ca'^-ions is noncompe- 
titive, although inhibition by GTP can be partially reversed by addition 
of (ja^\ The inhibitory effect is due to conformational changes as 
demonstrated by the diflcrential sensitivity of the enzyme to piroteoly- 
tic digestion upon GTP- or Ca'^-binding. This suggests that local 
concentrations of GTP and Ci^* may regulate TG^ activity also in vivo. 
Inhibition of the enzyme by GTP is independent of the hydrolysis of 
the nucleotide as shown with nonhydrolyzable GTP-anal(^ues. but die 
demonstration of GTPase activity (K^iippi '^ 4 pM) in the enzyme, 
might be of importance for its intracellular functions (81). However, 
sequence motifs conserved in the GTPase superfamily are not found 
in TC^ (23). It has recently been shown that TG^. with a cysteine -+ 
serine mutation in the active site retains the (TTPase activity (82). 

Physiological Functions of Tronsglulominases 

/. Factor XIII: Formation of the fibrin clot and wound healing. 
Factor Xlll is the last zymogen to become activated in the coagulation 
cascade of vertebrates (for review sec 3). It catalyzes the cross-linking 
of the fibrin 7<hains of different fibrin molecules to form the characte- 
ristic 7-chain dimcrs (83) followed by the covalent stabilization of 
a- and 7-chains (8, 84). These reactions axe critical in blood coagula- 
tion as they result in the formation of an insoluble fibrin clot with 
defined physical properties. The activation of fodorXllI by thrombin is 



promoted by fibrin (|for review see 15). 85). Factor XIII binds to die 
Aa- and Bp<hains in the Dnlomain of fibrinogen with high alfmity 
(Kj = IQ-'-IO^) and is thus associated with fibrinogen when circula- 
ting in blood plasma (85. 86). A second important reaction catalyzed by 
factor Xllla b the cross-linking of a2-plasimn inhilntor lo the a-chain 
of fibrin, resulting in protet^n of the fibrin clot from degradation by 
plasmin (87). The cross-linking of fibrin andaj-plasmin inhitntor occur 
at faster rate dian that of other substrate proteins, thereby ensuring that 
these are the first reactions to occur (85. 87). Cross-linking of 
a^-macroglobulin may similarly be impoiiam in protecting the blood 
clot from fibrinolytic reactions (88). Other substrate proteins for factor 
Xllla such as ftbroncctin (9. 89). collagen (89). thrombospoixfin (90), 
vitronectin (91. 92). lipoprotein (a) (93). factor V (94). von Willebrand 
factor (95), and plasminogen-activator inhibitor-2 (96), are present 
in blood plasma and/br the vascular wall and may ooatribute to the 
stability of platelet-fibrin-endothdium associatioo and to the wound 
healing process (97). Factor Xlll binds to the surface of cultured fibro- 
blasts (98) and mediates the cross-linking of cellular and plasma 
fibronectin at its NHj^erminal matrix assembly site (99, 100). The in- 
creased rate of matrix assembly and the covalcm stabilization observed 
in the presence of factor XLWz may fadlitate wound liealii^ by 
providing an increased mechanical resistance to the wounded tissue. 
Accordingly, deficiendes of factor Xlll or o^-plasmin inhibhor lead lo 
a ''delayed" bleeding tendency although the primaiy hemosusis is 
normal. Cases repotted include congenital deficiencies of the a- andAv 
b-subuiut or acquired autoimmune response to factor Xlll in disease of 
old age ((for review see 1011 102, 103). 

2. Tissue transglutamtnose: Stabiliz/alion of extracellular matrices 
and formation of cross-linked cell envelopes in programmed cell death. 
TGq was the first transglutaminase described (36) and is present iii 
substantial amounts with a broad tissue ifistribution in vertebrates 
(32. 33. 104). Even so, its physiological function remains uncertain. 
Two main functions have been proposed which take place in <fifferent 
compartments and would require the presence of TG^ in both the extra- 
cellular space and in the cy tosd. 

There, is inaeasing evidence for TG^ activity in the extracellular 
space. Here, the Ca^^-concentration is high enougjh for enzyme activa- 
tion and inhibitory factors sudi as GTP or are largely absent. A 
nuni)er of extracellular protdns like fibrin(ogen) (8. 86). fibronectin 
(9, 105). viuonectin (9 1. 92). nidogen/entactin (7. 32). collagen type III 
N-propeptide (106). collagen type II. osteonectin/BM-40/SPARC (33) 
and osteopontin/SPP-l (107) have been shown to be specific glut- 
aminyl substrates for TG^ It is. however, not clear if all these potential 
substrates are cross-linked by TG^- in vivo. Fibrinogen and fibronectin 
have been shown to bind to the surface of hepaiocytes and endothelial 
cells in suspension culture and become cross-linked into the pericellu- 
lar matrix. This process is mediated by TG^ as shown by inhibition with 
IGq specific antibodies and the formation of fibrinogen Aa-chain* 
polymers characteristic for TG^ action (34, 108). In agreement, a large, 
fibfonecim<ontainiiig~ tn^ jpolymcr associateil '^lUT 

plasma membranes in liver was shown to be formed by the action of a 
transglutaminase (109). TG^* covalently stabilizes laminin-nidogen 
complexes in the homoaggregate structure thought to occur in basement 
membranes and does often co-localize in the extracellular space with 
the laminin-nidogen complex and with fibronectin (32). In the develop- 
ment of long bones, TGc is externalized from hypertrophic chon- 
drocytes and panicipates in matrix cross-linking before the tissue 
undergoes calcification (33). TG^. may modulate ccll-mairix interac- 
tions (97), thereby factliiating the assembly of the matrix, and play a 
role in events related to wound healing and excessive tissue repair, such 



409 



as the fonnatjon of the highly insoluble matrix found in ciirhotic liva 
( 110). Il has been shown ihatTG^ binds (o the extracellular matrix with 
' high aflintty after wounding of cells (Ml), modulates the biological 
activity of interleulcin-2 in regeneration processes (112), and regulates 
the conversion of latent into active TGF-p (35). perhaps through 
toaeasing plasmin activity by cross-finlung molecules belonging to the 
plasminogCD-activator inhibitor class (96). Even though the sum 
of these observations strongly indicates an extracellular function for 
IGq, a proper understanding is first possible when the **secrctory" 
mechanism for this and other tiansglutaminases has been elucidated. 

The process of programnied cell death, abo called apoplosis, plays 
a lole in a number of fundamental processes such as mdamoiphosis, 
embryonic morphogenesis, and hormone-induced tissue remodelling. 
Transghrtaminascs are known to be involved in apoptosis and the role 
of TGc in €. g. the cross-linking of plasma membrane and cytoskeletal 
components in terminal steps of erythrocyte maturation is well estab- 
lished (for review see 3). It appears that the observed change in ceO 
morphology lesdts from cross-linking of intracellular proteins like 
band 3, band 4. 1, spectrin and ankyrin, after activation of the enzyme 
inside the cell. While band 3 is the major amine acceptor in the 
erythrocyte membrane, other intracellular substrates have been 
described in other systems and may participate in cross-linkir^ in 
apoptotic cells, e. g. actin (113) and lipocoriin l/annexin I (1 14). It is 
likely that Ca-* influx into the cytoplasm, either from intracellular Ca-* 
storage compartmems as observed in terminal differentiation of kera- 
tinocytes (1 15), or from the extracellular space as observed in terminal 
maturation of erythrocytes (3), aaivates the enzyme. A role for TGq 
in the apoptotic program of other cells has been postulated. It is 
accumulated in the cytoplasm of hepatocytes undergoing terminal 
differentiation both in vivo and in viiro ({for review see 1 16] 62, 1 1 7). 

TGc implicated in pathological events. The loss 

of transparency in ageing eye lens, leading in the final stage to the 
senile caiaraa, is in part due to increased levels of 7-glutamyl-€-lysiae 
cross-links (3). Endogenous TG^ of the eye lens cortex has been shown 
to be responsible by specifically aoss-linking p-crystallins ( 1 18-120). 
Increased aoss-linking in the vascular walls due to hemolysis or 
endothelial destruction may promote the formation of anherosclerotic 
plaques (121). Phospholipasc A2 (PLA,) may play a pathogenic role in 
inflammatory diseases such as rheumatoid arthritis. TG^ has recently 
been reported to be expressed at high level in riieumatoid, but not 
osieoarthritic lesions (122) and to activate PLA^ by a conformational 
change, induced by intramolecular cross-linking, that stimulates PLAj 
din)erization(l23). 

J. Keratinocyte and epidermal transglutaminase: Terminal differen- 
tiation of epithelia and formation the cornified envelope in the epi- 
dermis. When epidermal cells undergo terminal differentiation several 
proteins become cross-finked to form the cormTied en vdope, a 1 0-20 nm 
thick deposit of protein on the intracellular surface of the plasma mem- 
brane (for review see 115). The cross-linking is due to disulfidc- 
...bbnding of e.^ g.. keralins and Jp (raraglulaniin^c cross^^^^^ 
glutaminases are activated by influx of Ca-* into the cytoplasm when 
the cellular membranes loose their integrity during the final noaturation 
steps (II5X Several transglutaminase substrates such as keratdinin 
(124), involucrin (125. 126), cornifin (75), and sciellin (127) appear 
to be covalcnily incorporaied into ihc cornined envelopes, but so far 
only loricrin has been actually shown 10 be cross-linked to the comified 
envelopes by y-gluiamyl c-lysine bonds (74). Cross*linking of cysteine 
and serine protease inhibitors such as cystatins (128. 129) or SKALP/ 
clafin (130) miohi finally proieci ihe cornified envelopes from proteo- 
lytic attack. Three different innsslutaniinase u^aascripts of 2.9 kb. 



3.3 kb and 3.7 kb have been observed in eptdermis (38). The smaHest is 
- coding for TG^, the largest for TG^ and the medium sized represents 
TGf (38, 42, 73. 131). The membrane bound IQ^ co-localizes widi 
the identified substrate protdns within the supra-(>asa] layers of epider- 
mis, whereas TG^ expression is restricted to the basal keratinocytes 
(73. 75. 126, 131). It appears likely that TG^ is the transglutaminase 
predominantly involved in squamous differentiation of epithelia 
( 1 5, 1 3 1 ) as it is the most abundant transglutanu'nase in this tissue (42), 
although it is also present in epithelia that do not normally keratinize 
such as in oral cavity, oesophagus, trachea, hing, fiver and intestine 
(72, 79. J 29). The soluble TG^ is found in advanced stages of terminal 
diflerentiation of epidermal cells and in the embryologically fdaled 
hair follicle cells (42, 78. 132). It might play a role rn hair shafi forma- 
tion by cross-linking of e. g. trichohyalin (133), but is also likely to 
contribute to the fomiation of the cornified envelope in Ihe later stages 
of epidermal differentiation. An additional transghitaminase with a 
subunit suudure identical to that of T(^ has been identified in hair 
follicles based on its unique charge properties (132). It is likely that 
this enzyme is a variam form of TGg which has undergone different 
postU'anslational nuxlirications, but the possibility remains that the hair 
follicle enzyme is a distinct gene product. The differential distribution 
of transglutaminase isoenzymes with varying substrate spcdficity in 
epidermis indicates that regulation of protein cross-linking is essential 
for the production of mature cornified envelopes and hair shafts. 

4. Prostate transglutaminase. Formation of the copulatory plug. In 
rt)dents, such as rat or guinea pis, rapid coagulation of the seminal fluid 
is responsible for the fonnation of the copulatory plugs that arc highly 
enriched in 7-gluiamyU-lysine cross-links (for review see 134). The 
clotting results from cross-linking of proteins derived from the seminal 
vesicles such as guinea pig SVP-I (135) or rat SVP-IV (136) by an 
enzyme, most likely TGp. secreted by the dorsal prostate and coagula- 
ting gland (44)l TGp constitutes up to 15% of total intracellular protein 
in these tissues (43, 45). The cross-linking of seminal vesicle proteins 
may be competed for by polyamines, e, g. spermine and spermidine, 
which are produced in excess by the ventral prostate of certain species. 
Present in excess, these low molecular wdght anunes i^event a prema- 
ture coagulation of semeo during its passage through the distal pan of 
urethra (1 34). 

5. Band 4.2 protein: Vie plasma membrane cytoskeletal network. 
Band 4.2 protein is a structural component of the cytoskeletal network 
undcriying the erythrocyte plasma membrane, but is also found in other 
cells and tissues such as platelets, kidney and brain. It associates with 
the cytoplasmic domain of the anion exchanger band 3 and possibly 
interacts also with ankyrin and band 4.1 protdn (for review see 49). 
Thus, it is likely that B4.2 still retains the transglutaminase protein- 
binding site but is unable 10 covalently cross-link the bound proteins. 
This points to the possibility of a role of transglutaminases as structural 
components, beside functions involving the catalytic activity. Inter- 
estingly, the second transglutaminase present in erythrocytes, TG^ 
catalyzes the covalent stabilization of erythrocyte membrane cytoskele- 
tal proteins, e. g. band 3. in ageing eryihrocyics (3). This pwes the 
question if B4.2 and IG^ could compete for the same binding sites on 
proteins and one function of 84.2 might be to prevent cross-linking 
of the cytoskeletal network in intact cells. Furthermore, the recent 
association of the murine mutation pallid with the B4.2 gene indicates 
an essential role for B4.2 in cellular organelle membrane integrity and 
function (49, 137). This mutation is classified with the platelet storage 
pool deficiencies and affected animals suffer in a prolonged bleeding 
ilnic. reduced kidney lysosomal enzyme secretion and aberrant pig- 
mentation due to a defect in secretor)' vesicle maturation or release. 
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6. Invertebrate transglutaminases: Proteins involved in hemolymph 
coagulation and morphogenesis in arthropods. The anhropod hemo- 
lymph conation cascade itsembtes die veitebrate blood coagulation 
system id that ii is propagated by the activation of several serine 
protease zym(^eos and results in the convenion of the soluble coagu- 
logcn. a fibrinogen-relaied molecule, into the insoluble flbrillarcoagu- 
lin nctworL The zymogens and coagulog^n are contained within cyto- 
plasmic granules in hemocytes, circulating in the hemolymph. and 
aie released by exocytosis upon triggering by bacterial endotoxins 
(lipopdysacdiaride). The resulting dot is cross-linked by 'y-glutamyf- 
€-lysine cross-links by a transglutaminase (2), designated hemocyte 
transghitaroinase according to its origin (32, 53). Even though it re- 
mains to be established whether coagulin itself is cross-linked widiin 
the clot, other cross-linked components have been identified (52). 

Annulin expression in the insect embiyo occurs in areas undergoing 
morphogcnetic rcarraogements (54). Annulin is expressed in narrow 
circumferemial bands of epithelial cells at the boundaries of developing 
limb segments and precedes the lirst morphological signs of segmenta- 
tion. Its potential role during development could be to stabilize or 
modify the membrane and subcortical sinictures of celk thai undergo 
moq)hogenetic shape changes and are exposed to mechanical stress. 

Caf abclism of the 7-Glulamyl-c-Lysine 
Isodipeptide Bond 

There is no evidence that 7-glutamyl-€-lysine cross-links arc 
cleaved without prior degradation of the proteins. The dipeptide re- 
leased by proteolytic degradation of cross-linked proteins appears to be 
catabofized most efliciently in kidney. The reaction (EC 232A) that is 
catalyzed by the enzyme 7-glutamylamine cydotransferase proceeds 
by a cyclic transfer vnih production of pyroglutamic add and lysine 
(138). Differtnt isoenzymes with distinct specificities' exist, one of 
which exhibits reactivity towards only €-(L-7-glutamyl)-L-lysine, but 
not a-<L-7-glutaroy])-L-lysine. 

Coriclusions and Perspectives 

Members of the transglutaminase family, e. g. the a-subunit of 
factor XIII and TGp, are present and biologically active in the extracel- 
lular compartment of the vertebrate body, although they are not 
conventionally secreted through the endoplasmic reticulum-Golgi 
complex. Also TG^ occurs in the extracdiular space (32. 33) and 
appears to play a role in e. g. matrix remodelling during terminal 
differentiation of cartilage (33). A not yet resolved key question in 
transglutaminase biology is the mechanism(s) thai leads to the exlema- 
lization of these enzymes. This route may be similar to that of other 
proteins that do not follow the conventional secretory pathway, such as 
acidic and basic fibroblast growth factor (FGF), inierieukin (IL)-la 
and ip, platdet-derivcd endothelial cell growth factor (PD-ECGF), 
dliary neurotrophic faciorrlymphocyte maiuration faciors designated 
thymosins, an aduIl-T cell-derived factor (ADF) belonging to the 
thioredoxin protein family, the lactose-binding lectins L-14 and L-29, 
and annexins/Iipocortins (139-143 and ref. Iherdn). These proteins 
have in common that the milieu in the endoplasmic reticulum could 
interfere with structures essential for their biotogical function. The oxi- 
dizing environment in this compartment could potentially inactivate 
transgliiiarninascs, ADF, the lectin L-14. IL-ip, basic FGF and 
PD OCGF that depend on free sulfhydryls for aciivity or adopt inactive 
conformations upon disulfide-bond formation ( 1 40, 14 1 , 1 <1 3). Alierna- 
livcly, the hish Ca-* -concentrations in the endoplasmic reticulum could 



activate the transglutaminases and lead to inappropriate protein cross- 
linking. The presence of cytokines and their receptors in the same 
compartment couM lead to autocrine stinuilaiion and transformation of 
the cell. Indeed, several oncogenes turned out 10 encode PGF-idated 
sequences fused to a hydrophobic leader sequence (for review see 139, 
143). 

Evidence for several different mechanisms for externalization has 
been presemed in the literature. It was suggested that temporary disrup- 
tions of the plasma membrane in cells subjected to mechanical stress 
could be a release mecham'sm, and it was demonstrated that a growth 
promour^ activity, likely to be basic FGF, is released by mechanically 
wounded, but not by melabolically poisoned endothelial celk (144). 
Vcsiculation has been described in several biological systems, e. g. in 
(he intestinal brash border, in mineralizing cartilage, in maturation of 
erythrocytes and in ageing of hepatocytes, and it has been shown that 
vesicular release is responsible for the externalization of IL-lp and a 
lectin expressed by (fiffeientiating myoblasts (140, 141). It has been 
suggested that N-acylation could be one signal for sequestration of 
cytosolic protdns into '"seaetoiy^ vesicles as many of these protdns* 
including IGq and the a-subunii of factor XIII. are NHj-terminally 
acetylaled (31). Indeed, release by membrane lilebbing" has recently 
been demonstrated forTGp in apocrine secretion of prostate (45-47). A 
superfamily of transport ATPases. referred to as the mammalian multi- 
drug resistance P-glycoprotein and related molecules, has recently been 
discovers! Members of this protein family fadlitate the transport of 
g. ions, sugars, amino acids, and peptides across membranes in dif- 
ferent organisms and could act in concert with chaperons in facilitating 
membrane transport of ''small simple"* proteins (for review see 139). 
Release of transglutaminases by necrotic cell lysis cannot be excluded, 
but appears unlikely as the sequestering cells, e. g. chondixxytes, often 
appear mcvphologically intact and are active in protein synthesis 
(33: D. Aesdilimana unpublished results). Similar evidence exclud- 
ing cell death as the major mechanism for release has also been 
obtained for other proteins vrith an uncertain secretoiy pathway (140, 
141. 143). Unconventionally secreted proteins, including TG^,TGf and 
factor XIII a-subunit, generally appear to be present in high concentra- 
tions in the cell cytosol. A high level of synthesis is not necessarily 
coupled to externalization and secretion appears to be spedlic for the 
cdl type or differentiation stage (33. 140, 142). Overexpression ofTC^ 
in fibroblasts does not lead to increased cross-link formation (63), indi- 
cating that the intracdlular enzyme is inactive and that activation 
of TG(. is regulated independently from its biosynthesis, possibly by 
limited externalization. It is tempting to speculate that an alternative 
secretory mechanism does exist, is activdy regulated by the cell, and 
enables the access of certain transglutaminases to the cxlracelhilar 
space. 

Although ii is clear that the spedfidtY in iransglutaminase-catalyzed 
cross-linking of proteins at least in part resides in the sequences in the 
vicinity of substrate glutamine residues (5. 6), it has not been possible 
-to derive a consensus sequence from the glutaminyl substrate sites de- - - 
lermined in a number of different proteins (for review sec 7). This 
might be explained by a considerable dependence on the conformation 
of adjacent regions of the substrate protein. Studies on the speciftciiy of 
factor Xllla and TG^ for the amine acceptor sites in p<asein (5, 6) 
and fibrin(ogen) (8) demonstrate that transglutaminases differ in their 
binding affinity and/or the catalytic rate for a particular substrate 
site/protein, although they often also cross-link at the same siics. at 
least under in vitro coikII lions. Thus, in a tissue where a scries of dif- 
ferent subsuaic proteins compete Ibr a transglutaminase, ihe affinity of 
the interaaion between the enzyme ond a particular substrate protein is 
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impoitam. Ii appears essential to delenntne not only the amine acceptor 
gluiamine residue(s) after amine incoipofation in vitro, but also to 
assess the affinity for the interaction of the transglutaminase with the 
sul)Straie protein in the presence of physiologically occuning alterna- 
tive substrates. It is not unhlcely that the cross-linking site b not the 
only site in a substrate protdn thai interacts with the transglutaminase 
and il is possible that the different detemunants for enzyme recognition 
arc held in the correct position in iht secondary and/or tertiary struc- 
ture (7, 33). TGt has been shown to bind strongly to certain extracel- 
lular matrix proteins, dirough an interaction that can only be disso- 
ciated by use of chaotropicsalls (33, 86, 105, II I)l The ability of trans- 
glutaminases to biod tightly to certain proteins and to self-aggregate 
may have biological functions other than in protein cross-linking as in- 
dicated by the fact that a caialytically inactive transglutaminase, B4.2. 
functions as a link in the erythrocyte membrane cytoskdetal network. 

It might also be importam to determine the lysine residue(s) that are 
cro5s4inked to a cenain glutamine residue in the tissue. This win be 
. technically difTicull and laborious, as many different lysine residues of 
a protein, or even of different proteins, in the tissue might compete for 
the same glutamine residue, leading to the formation of extremely 
heterogeneous oligomeric structures, at least when a protein is cross- 
linked by a transglutaminase in vitro (2, 136). Even though the specifi- 
city is poor, in the few cases where the physiologically cross-linked 
lysine residues have been determined, a clear preference for certain 
lysines has been observed. In the fibrin clot, the 7-chains are recipro- 
cally cross-linked in the overlapping aniiparalld carboxyl-terminal 
segments at the same glutamine and lysine residue in each chain (83). 
Three cross linked peptides were isolated from proteolytic digests of 
comified envelopes of skin and shown by sequence analysis to origi- 
nate from loricnn molecules with heterogeneous modifications in- 
volving 3 out of 14 glutamine and 2 out of 7 lysine residues (74). The 
glutamine residues involved in cross-linking of crystallins in the ageing 
eye lens are exclusively kxated in the NH,-ieiminal extensions 
of p-crystallins, apparently importam for self-aggregation of these 
proteins (1 18). A single carboxyl-terminal lysine in aB-crystallin has 
recently been identified as a major amine donor in this tissue (119, 
120). It appears likely that the structure of the protein assembly rather 
than the protdn components itself determine the location of the cross- 
linking, although certain sintctural elements are required. Eluddation 
of the protein sites involved in cross-linking m \iro might provide an 
insight into die sierical anrangement of the protdn assembly in cells and 
extracellular matrices. 
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Appendix B 

Transglutaminase Autoantibodies in Dermatitis 
Herpetiformis and Celiac Sprue 

Eric V. Marietta^'^, Michael J. Camilleri\ Luis A. Castro^, Patricia K. Krause\ Mark R. Pittelkow^ and 
Joseph A. Murray^ 

Dermatitis herpetiformis (DH) is an autoimmune blistering skin disorder that is associated with intestinal gluten 
sensitivity. Epidermal transglutaminase (TGe) and closely related tissue transglutaminase (tTG) are considered to 
be autoantigens in DH, because a majority of DH patients have IgA specific for TGe and for tTG. It is unknown 
where and how these autoantigen-specific IgAs are generated in DH. Results reported in this paper on nine DH 
patients on a gluten containing diet demonstrate that the levels of circulating anti-tTG IgA and anti-TGe IgA in 
DH are correlated with each other and that both appear to be correlated with the degree (extent) of 
enteropathy. An analysis of 15 untreated celiac sprue (CS) patients demonstrated that approximately 33% of CS 
patients had elevated levels of anti-TGe IgA. These results would indicate that intestinal damage is associated 
with the production of anti-tTG IgA and anti-TGe IgA in DH patients. 

Journal of Investigative Dermatology (2008) 128, 332-335; doi:10.1038/sj.jid.5701041; published online 30 August 2007 



INTRODUCTION 

Dermatitis herpetiformis (DH) is an autoimmune, blistering, 
intensely pruritic papulovesicular rash typically located on 
the elbows, forearms, buttocks, knees, and scalp (Hall, 1992; 
Fry, 2002). It is often associated with an enteropathy 
characterized by villous atrophy and/or increased infiltration 
of intraepithelial lymphocytes (Fry, 1995; Cooney et ai, 
1977). The enteropathy and the rash are caused by the 
ingestion of gluten, which is a group of storage proteins of 
wheat, barely, and rye. Another gluten sensitive disease, celiac 
sprue (CS), results from a potent inflammatory response to 
gluten within the small intestine (Reunala, 1998). Additionally, 
even though gluten is the exogenous antigen for both CS and 
DH, these two diseases have characteristics of autoimmune 
disorders. These characteristics include a tight association with 
major histocompatibility complex II molecules (HLA-DQ2 and 
HLA-DQ8) and the production of circulating autoantibodies 
(Spurkland et ai, 1997; Sollid, 2000). 

In 1984, Chorelezki reported that autoantibodies directed 
against endomysial tissue were present in both DH and CS 
and could be used as a marker for both diseases (Chorzelski 
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et ai, 1984). Subsequently, it was found that these 
endomysium-binding autoantibodies were directed specific 
cally against tissue transglutaminase (tTG) (Dieterich et ai, 
1997; Dieterich et ai, 1999; Porter ef ai, 1999). The 
presence of circulating anti-tTG IgA is commonly used as a 
screening tool for celiac disease (James, 2005). Anti-tTG IgA 
antibodies are also diagnostic markers for enteropathy in DH 
patients (Kumar ef ai, 2001). Thus, anti-tTG IgA is an 
autoantibody that is found in both diseases. 

Interestingly, DH patients with villous atrophy have high 
levels of circulating anti-endomysial IgA (Volta ef ai, 1992). 
Levels of circulating anti-tTG IgA and anti-endomysial IgA are 
correlated with the absence or presence of enteropathy in CS 
patients, suggesting that these antibodies are produced in the 
setting of mucosal injury (Kotze ef ai, 2003; Rostami ef ai, 

2003) . Yet another study demonstrated that IgA deposits and 
tTG colocalize in the jejunal samples of celiac patients and 
that this IgA was tTG specific based on binding studies of 
eluted jejunal IgA (Korponay-Szabo ef a/., 2004). 

In 2002, another autoantigen, epidermal transglutaminase 
(TCe), was identified for DH (Sardy ef ai, 2002; Karpati, 

2004) . In the perilesional tissue of DH patients, the IgA 
deposits at the dermal/epidermal junction were found to 
colocalize with TGe in the papillary dermis and small vessels 
(Karpati, 2004; Preisz ef a/., 2005). DH patients also had 
circulating TGe-specific IgA that fell into two groups. One 
antibody group bound to TGe exclusively, whereas the 
second antibody group was crossreactive and bound to both 
tTG and TGe. This second group was found in celiac patients 
as well and had a lower avidity for TGe than the first group. 
The level of circulating TGe-specific IgA was lower in DH 
patients on a glulen-free diet. This suggests that anti-TGe IgA 
is also dependent upon the continued intestinal exposure to 
gluten in DH patients, similar to anti-tTG IgA in CS patients. 
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It is of interest then, as to whether the levels of anti-TGe 
IgA or anti-tTG IgA that are found in DH or CS patients are 
related to the degree or extent of mucosal injury, such as 
villous atrophy, as a result of intestinal exposure to gluten. To 
determine v^hether there is a correlation between the levels of 
circulating anti-TGe IgA and enteropathy/villous atrophy in 
DH and CS patients, we compared the titers of anti-TGe IgA 
and anti-tTG IgA with the presence and severity of villous 
atrophy. 

RESULTS 

Characterization of DH and CS patients 
Nine DH patients that had not been on a gluten-free diet 
were evaluated for this study (Table 1). Duration of blistering 
disease varied from less than 0.5 years to 9 years (Table 1). 
Fifteen untreated celiac patients who had never developed a 
pruritic rash were evaluated (Table 2). 

Correlation between the levels of anti-TGe IgA and anti-tTG IgA 
in DH and CS patients 

The levels of anti-TGe IgA and anti-tTG IgA were highly 
correlated in DH patients, with a Pearson's coefficient, 
r=0.74. (Figure la). There was no significant correlation 
between the two autoantibodies in the untreated celiac 
patients (r= 0.286, Figure lb). 

Relationship between enteropathy and serology 

Marsh Scores were determined from the histopathological 
analysis of the duodenal biopsies of six of the nine DH 
patients and all of the 15 celiac patients. The scores varied 
from 0 to 3c (Tables 1 and 2). All biopsies were evaluated 
using the Marsh system of scoring (Oberhuber, 2000). 

With the DH patients, there was a significant correlation 
between the levels of anti-TGe IgA and the degree of 
enteropathy (r=0.82) (Figure 2a). A significant correlation 
was also found between the marsh scores and levels of anti- 
tTG IgA (r=0.7) (Figure 2b). There was no correlation 
between the levels of anti-TGe' IgA and the level of villous 
atrophy in the celiac patients (Figure 2a). Anti-tTG IgA also 
does not correlate with the degree of villous atrophy in CS 



patients (Figure 2b). However, all 15 celiac patients had 
elevated levels of anti-tTG IgA, thus supporting previous 
reports that elevated levels of anti-tTG IgA do correlate with 
the presence of enteropathy. 

DISCUSSION 

Several lines of evidence support TGe as a target for IgA 
autoantibodies in DH. Sardy et al. (2002) demonstrated that 
the IgA deposits in the perilesional skin of DH patients 
colocalizes with TGe, that DH and CS patients had 
circulating anti-TGe IgA in their blood, and that DH and CS 
patients on a gluten-free diet had lower levels of anti-TGe IgA 
than those that were not. One possible explanation for this is 
that the enteropathic process leads to the production of 
circulating anti-TGe IgA in both CS and DH patients. 

Our results suggest a correlation among the extent of 
enteropathy, anti-tTG IgA and anti-TGe IgA in DH patients. 
Albeit, greater numbers of DH patients that are on a gluten 
containing diet would be necessary for definite proof of this 
correlation. This result would suggest that the production of 
these antibodies occurs as a result of mucosal damage in the 
intestine of DH patients. This would certainly fit the accepted 
theory that all DH patients have some level of intestinal 
immunopathological response to gluten that manifests as a 
skin condition. 

Another important conclusion to be made from these 
results is that some celiac patients produce anti-TGe IgA, 
which supports a previous finding (Sardy ef a/., 2002). The 
production of this antibody in celiac patients, however, did 
not appear to be correlated with severity of villous atrophy in 
their intestine. Similarly, the production of anti-tTG IgA in 
celiac patients did not correlate with the severity of 
enteropathy, which would also support a previous finding 
(Tursi et ai, 2003). One contributing factor to this lack of 
correlation between the production of anti-tTG and anti-TGe 
antibodies and the severity of enteropathy may be the fact 
that CS patients on a gluten-containing diet by definition have 
Marsh scores of 3 or greater, whereas all levels of severity can 
be present in DH patients on a gluten containing diet. 
Overall, however, these results would indicate that the 
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Table 2* Evaluated CS patients 
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Figure 1 . Correlation between anti-tTG IgA and anti-TCe IgA levels in the 
sera of DH and CS patients on a normal gluten containing diet. OD values for 

anti-TCe IgA were plotted along the y axis and corresponding anti-tTG IgA 
values for each patient plotted along the .v axis. Ail patients were on a normal 
gluten-containing diet. Nine DH patients were evaluated (a) (Pearson's 
coefficient r=0.74), as well as 15 CS pjtients (b) (r=0.286). 
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Figure 2. Comparing Marsh Scores with the levels of anti-tTG IgA and 
anti-TCe IgA in DH and CS patients. Marsh scores for each DH (A) and 
each CS patient (♦) were determined and plotted on the x axis. OD values 
for the corresponding anti-TGe IgA level (a) and for the corresponding 
anti-tTG IgA level (b) for each DH and each CS patient was plotted on the 
/axis. All patients were on a normal gluten-containing diet. Trend lines 
are provided for the DH patients (solid). For anti-TGe IgA in DH, r=0.82, 
for anti-tTG IgA in DH, f=0.7. For anti-TGe IgA in CS, f=0.21, for anti-tTG 
IgA in CS. r=0.35. 
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concentration of both antibodies in CS patients is indepen- 
dent of the degree of villous atrophy. 

It Is of great interest then, to understand how and why 
these antibodies are generated in both DH patients and celiac 
patients. Clearly, the consumption of gluten triggers symp- 
toms in both diseases, but the mechanisms behind the 
production of these specific autoantibodies still remains 
enigmatic. It is possible that the catalyst(s) for the production 
of anti-tTG IgA and anti-TGe IgA In DH is (are) located in the 
Intestine and is (are) associated with intestinal damage. 
Future work should be devoted to better understanding what 
these catalysts (beyond the ingestion of wheat) are. It would 
also be crucial to determine if the production of these 
transglutaminase-specific antibodies is necessary for the 
development of autoimmune pathology in both the small 
Intestine and skin, or if they are they solely consequences of 
pathology in the intestine. 

MATERIALS AND METHODS 
Case definition 

DH was diagnosed based upon the presence of pruritic papulo- 
vesicular lesions and the presence of granular IgA deposits in 
perilesional skin. Celiac sprue was defined as significant villous 
atrophy. 

At least four endoscopic biopsies from distal duodenum were 
formalin fixed and paraffin embedded. Sections (5 fim) were stained 
with hematoxylin and eosin and scored based on the Marsh system. 

Detection of anti-TGe IgA and anti-tTg IgA 

Anti human tTG ELISA kits (The Binding Site Inc., San Diego, CA) 
and anti TCe ELISA kits (Alpco, Windham, NH) were used to 
measure the level of anti-tTG IgA and anti-TGe IgA in the sera of 
patients. All OD values were normalized by subtracting the value of 
the negative control provided in the kit. This would mean that any 
sample that had an OD value greater than the negative control was 
positive for the antibody tested. 

Statistical analysis 

Pearson's correlation coefficients were calculated using Microsoft 
Excel. This study was conducted according to the Declaration of 
Helsinki Principles and approved by the Mayo Foundation Institu- 
tional Review Board. Also, patients had provided consent before the 
study, 
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Background Dermatitis herpetiformis (DH) is a papulovesicular eruption caused by 
ingestion of gluten. It is characterized by the deposition of IgA in the dermal 
papillae. IgA antibodies directed at tissue transglutaminase (TG2) are elevated in 
gluten-sensitive diseases including DH and coeliac disease (CD). More recendy, 
antibodies directed at epidermal transglutaminase (TG3) were identified in 
patients with DH, and this may be the dominant autoantigen in this disease. 
Objectives To measure IgA antibodies to TG3 and TG2 in patients with DH and 
CD, and control populations. 

Mcdiods Serum IgA antibodies against TG2 and TG3 were measured from adults 
with DH. adults and children with CD, patients with psoriasis, adult Red Cross 
blood donors, and paediatric controls. 

Results Patients with DH and CD had elevated levels of IgA anti-TG2 antibodies 
compared with control populations. The levels in the patients v^rith DH and adults 
with CD were similar. IgA anti-TG2 antibodies were higher in the children with 
CD compared with adults with DH and CD, and v^dth control populations. 
Patients with DH and adults with CD had elevated levels of IgA anti-TG3 anti- 
bodies compared with children with CD and control populations. There was 
a trend towards higher levels in the patients with DH compared -with adults 
with CD. 

Condu^ions IgA antibodies to TG3 are elevated in patients with DH and adults with 
CD. The progressive expansion of the epitope-binding profile of IgA antitransglu- 
taminase antibodies in patients wdth CD may explain the development of DH in 
padents with undiagnosed CD during their adult life. 



Dermatitis herpetiformis (DH) is a papulovesicular cutaneous 
eruption precipitated by ingestion of gluten.' Patients typi- 
cally present with pniritic, excoriated papules on extensor 
surfaces of the elbows, knees, buttocks, back and scalp. This 
eruption is related to IgA deposits in the dermal papillae, a 
finding that is pathognomonic for DH.^ These granular 
deposits of IgA are present in perilesional as well as unin- 
volved skin. The concentration of granular IgA at iliese sites 
decreases with adherence to a glutcn-free diet, and reaccu- 
mulaiion occurs with the instiiuiion of a gbiicn-coniaining 
diet.' The antigenic specificity of the IgA in DH skin is 
unknown. In 2002 Sardy ct al^ demonsi rated the presence of 
epidermal transglutaminase (TG3) aniigcn wiihin DM tissue. 
Tlicy proposed that this was the 'dennaiitis hcr]5Ciifonnis 



autoantigen*. However, its relationship to disease aaivity and 
the mechanism by which it may participate in the produc- 
tion of the inflammatory process remain unclear. We recendy 
produced a new anti-TG3 antibody and confirmed the obser- 
vation of Sardy et ol. that TG3 colocaUzes with IgA in DH 
skin. TG3 was present in both inflamed, involved skin as 
well as uninvolved skin of padents with DH.'* This indicates 
that the presence of the TG3 antigen is not the essential 
factor in disease pathogenesis. Therefore, TG3 is likely lo 
play an important role in the pathogenesis of DH, but ii.s 
exact role remains unknown, 

Transgluiamin.ises are a family of enz)Tnes with plcioiro- 
pic functions, including protein crosslinking, deamidation, 
amine incorporation, esterification and hydrolysis.^ Then; 
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are nine known human transglutaminases, and some are 
expressed in the epidermis. The functions of transglutamin- 
ases are important in multiple systems, including blood 
dotting, apoptosis and the maturation of the keratinocyte 
cytoskeleton. Genetic deficiency of TG2 causes lamellar ich- 
thyosis, and other transglutanainases are also associated with 
genetic disease.^ 

DH is known to be associated with gluten-sensitive entero- 
pathy (GSE) in virtually all cases/ However, the intestinal 
inflammatory process in DH is generally less severe than that 
seen in symptomatic coeliac disease (CD). Tissue transgluta- 
minase (TG2), the antigen of an immune response in CD, is 
widely expressed in many tissues, including the gut epithe- 
Hum.* The mechanism by which an immune response against 
TG2 is induced by gluten is unclear. However, gluten and gli- 
adin proteins are glutaraine rich and contain runs of polyglu- 
tamine. Glutens are also substrates of transglutaminase and it 
is hypothesized that a neoantigen is created by enzymatic 
modification of dietary gluten.^ TG3 has a more restricted tis- 
sue expression. It also has low sequence homology with other 
transglutaminases and a relatively low conservation between 
species.' The trigger of the immune response to TG3 in the 
progression from CD to DH is unclear. However, it is bkely 
that the disease-related antibodies are direaed at post-transla- 
tional epitopes. 

The age at onset of CD is reported to be predominandy in 
early childhood with 70% of cases occurring before the age of 
2 years. although with increased sensitivity of serological 
assays more cases are now being diagnosed in adulthood. In 
contrast, the mean age at onset of DH is 38 years and child- 
hood cases are very rare. * ^ 

We have hypothesized that IgA antibodies to TG3 are 
related to the inflammatory process, disease activity or devel- 
opment of inflammation over a period of time in patients 
with DH. To test this hypothesis we measured TG3 and TG2 
IgA antibody levels by enzyme-linked immunosorbent assay 
(EUSA) in patients with DH, adults and children with CD and 
control populations including patients with psoriasis. Red 
Cross blood donors and paediatric controls. 

Materials and methods 
study population 

These studies were approved by the Institutional Review Board 
at the University of Utah. The patient groups in this study 
included 44 patients widi newly diagnosed DH. Tliese patients 
were a cross-section of our patients with clinical DH. To be 
considered eligible for the snidy, patients required a diagnosis 
of DH established by skin biopsy using direct immunofluores- 
cence sho%ving granular deposits in dermal papillary lips. 
The age range for the patients with DH was 19-80 years. The 
first control group consisted of patients with psoriasis not 
known 10 have DH. This included 37 patients. The age range 
was not specified, but all were greater than 18 years. The sec- 
ond control group included 53 randomly ascertained Red 



Cross blood donors whose samples were colleaed v^thout 
knowledge of any clinical symptoms. The age range was not 
specified, but all were greater than 1 8 years. The third control 
group included 50 randomly ascertained children from ARUP 
laboratories (Salt Lake City, UT. U.S.A.) aged 7-17 years with- 
out known DH or CD. Finally, we included 19 adults with 
new-onset CD and 16 children with new-onset CD. To be 
considered eligible for inclusion in the study, patients 
required a small bowel biopsy demonstrating evidence of CD. 
The duration and severity of clinical symptoms were 
unknown. The age range of the adults with CD was 
20-79 years and that of the children with CD was 1-17 years. 

All of the patients with DH and the adults and children 
with CD were on a normal, gluten-containing diet. No 
patients with DH were being treated with dapsone at the time 
of serum collection. None of the patients with DH, adults 
with CD or children with CD had partial or total IgA 
deficiency. 

Tissue transglutaminase and epidermal transglutaminase 
assays 

Serum IgA antibodies against TG2 and TG3 were measured 
using a commercially available EUSA assay. Serum was 
obtained from whole blood by centrifugation for 10 min and 
frozen at -80 "C with sodium azide. Semiquantitative detec- 
tion of IgA anti-TG2 antibodies was performed per manufac- 
turer protocol using the QUANTA Lite human recombinant 
TG2 IgA kits (INOVA Diagnostics, San Diego, CA, U.S.A.). Per 
manufacturer recommendations, positivity was assigned at 
> 20 units. Semiquantitative deteaion of IgA antihuman 
recombinant TG3 was performed per manufacturer protocol 
using IgA anti-TG3 EUSA kits (Immimdiagnostik, Bensheim, 
Germany). The upper limit of normal for this assay is assigned 
as 1 8 units. Assays were run in duplicate for all sera. 

Statistical analysis 

A univariate analysis of variance (anova) was used to test the 
differences in mean IgA anti-TG2/TG3 values among the six 
groups (adult CD, DH, paediatric CD, psoriasis, Red Cross 
blood donor and paediatric control). Tukey's multiple com- 
parison adjustment was further performed to determine which 
groups showed differences if an overall anova was significant. 
In cases where data were skewed and did not have equal vari- 
ance across groups, the response variables were then log-trans- 
formed and ANOVA was used on the transformed data. A 
nonparametric Kruskal-Wallis test was utilized to test the dif- 
ferences in IgA anti-TG2/TG3 among groups. 

Results 

Tissue transglutaminase 

Patients with DH and CD had eicvatcd levels of IgA anti- 
TG2 (Fig. I). Twenty of 44 patients with DH (45%) had IgA 
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anti-TG2 levels > 20 units. The mean of our 44 patients was 
59*77 (range 6-209). Likewise, 15 of 19 adults with CD 
(79%) had an elevation of IgA anti-TG2 with a mean of 
62-75 (range 3-184). The children with CD had higher levels 
of IgA anti-TG2 (mean 142-19, range 26-258). All (n = 16) 
of these patients had elevated IgA anti-TG2 levels. In contrast, 
the group of patients with psoriasis had a mean level of 
7*04 (range 5-7) comparable with the Red Cross blood 
donors (mean 7-64, range 5-42) and the paediatric control 
group (mean 6-0, range 0-159). There was one Red Cross 
blood donor and one paediatric control with an elevated IgA 
anti-TG2 level. 

For statistical analysis, a univariate anova was used to test 
the differences in mean IgA anti-TG2 values among groups. 
The differences in means in the six groups were highly 
significant (P < 0-001). Homogeneous subsets included 
(i) patients with psoriasis. Red Cross blood donors and paedi- 
atric controls; (ii) adult CD and adult DH; and (iii) paediat- 
ric CD, with no significant differences within a subset, and 
significant differences between subsets. Similar results were 
found when values were log-transformed and anova used 
on the transformed dau. Finally, a nonparametric Kruskal- 
Wallis test was performed to analyse the differences among 
values (not the means) among groups. There were signifi- 
cant differences among homogeneous groups (i, ii, iii) 
(P < 0 001). 

Epidermal transglutaminase 

Patients with DH had elevated levels of IgA ami-TG3 (Fig. 2), 
Twenty-diree of 44 (52%) had IgA anti-TG3 levels 
> 18 units. The mean of our patients was 3073 (range 
7-153). Adults Willi CD also had elevaied levels. Ten of 19 
(53%) had elevaied levels (mean 18 95, range 6-3-58). Chil- 
dren v-/ith CD did not have elevation of TG3. Only one of 16 
(6%; Iiad am elevated level (mean 9 02. range 3-92-21 14). 
The psoriatic, Red Cross blood donor and paediatric control 
popiilations had means of 6*23, 7-87 and 2 0. respectively. 



Fig 1. Tissue transglutaminase (TG2) values 
in 44 patients with deraiatitis herpetifomiis 
(DH), 37 patients with psoriasis (PS). 53 Red 
Cross blood donors (RC). 19 adults with 
coeliac disease (CD) , 1 6 children with CD 
(Paed CD) and SO paediatric conttols 
(Paed.cnd). All patients were on nomial, 
gluten-containing diets. Patients with DH and 
adults with CD had elevated levels of IgA anti- 
TG2 compared vdth Red Cross blood donors, 
patients with psoriasis and paediatric controls. 
Children with CD had higher levels of IgA 
anti-TG2 dian both patients with DH and 
adults with CD. IgA anti-TG2 levels in adults 
with CD and patients with DH were similar. 
Mean values are indicated by a cross. 

This was within the normal range. A single Red Cross blood 
donor had an elevated IgA anti-TG3 level of 20. 

A univariate anova was used to test the differences in mean 
IgA anti-TG3 values among groups. The differences among 
the groups were highly significant (P < 0 001). Homogeneous 
subsets were (i) psoriasis, Red Cross blood donors, paediatric 
controls and paediatric CD; and (ii) aduh CD and adult DH, 
with no significant differences among subsets, and significant 
differences between subsets. When a Tukey's multiple com- 
parison adjustment was made, the difference between adult 
CD and DH was close to statistical significance (P = 0*053). 
Similar results were seen on log-transformed data using anova. 
A nonparametric Kruskal-Wallis test was used to analyse the 
differences in IgA anti-TG3 values (not means) among groups 
and showed significant differences among homogeneous 
groups (i, ii) (P < 0-001). 

In summary, patients with DH and CD had comparable lev- 
els of IgA anti-TG2 antibodies. However, patients vrith DH 
had higher levels of IgA anti-TG3 antibodies, nearing tradi- 
tional statistical significance (P - 0*053). 

Discussion 

We have evaluated the role of serum IgA antibody assays to 
TG2 and TG3 in patients with DH, adults and children with 
CD, and control poptdations. Perhaps most interesting is the 
fact that our children with CD had significantly lower levels of 
serum IgA anti-TG3 antibodies than our adults with CD. This 
occurred in the face of significantiy elevated IgA anti-TG2 lev- 
els in the paediatric population compared with the adult 
population. There is an obvious dichotomy in the expression 
of the two antibody profiles in these age-controlled groups of 
patients with the same disorder. We find this particularly 
interesting because the average age at onset of DH in our 
patient population is 38 years. The reason for the adiili age 
at onset of DH compared with the frequent childhood onset 
of CD is unknown. The current data suggest to us that during 
childhood, patients v/ith CD initially have elevated levels of 
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Fig 2. Epidermal transglutaminase (TG3) 
values in 44 patients with dermatitis 
herpetifonnis (DH), 37 patients with psoriasis 
(PS). 53 Red Cross blood donors (RC), 19 
adults with coeliac disease (CD). 16 children 
with CD (Paed CD) and 50 paediatric controls 
(Paed.cntl). All patients were on normal, 
gluten-containing diets. Patients with DH had 
elevated levels of IgA anti-TG3 compared with 
all other groups. Adults with CD had higher 
levels of IgA anti-TG3 than children with CD. 
There was a trend towards higher levels in 
patients with DH compared with adults with 
CD, but the results did not reach statistical 
significance (P ~ 0 05 3). Mean values are 
indicated by a cross. 
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IgA anti-TG2 antibodies but normal levels of IgA anti-TG3 
antibodies. Although we do not have longitudinal studies of 
any individual patients, the data suggest to us that as time 
goes on and patients with untreated CD become adiilts. they 
develop elevated levels of IgA anti-TG3 antibodies compared 
with their childhood counterparts. We would propose that 
this group of patients with CD who develop elevated levels of 
IgA anii-TG3 antibodies over time comprises the patients at 
risk of developing DH in adulthood. 

We have demonstrated that patients with DH have elevated 
levels of IgA anti-TG3 antibodies compared with control Red 
Cross blood donors. This has been described previously by 
Sardy et al^ However, Sardy ci ol. failed to note that the serum 
IgA anti-TG3 levels of patients with DH were higher than 
those of their control CD population. We tested 44 adults with 
DH for IgA anti-TG3 antibodies. Adults with DH and adults 
with CD both had elevated levels of IgA anti-TG3 antibodies 
compared with control groups and children with CD. There 
was a trend toward elevated levels of anti-TG3 antibodies in 
adults vsrith DH compared with adults with CD although this 
did not quite reach statistical significance (P = 0 0 5 3). Perhaps 
a larger sample size would demonstrate significance. 

In our study, approximately 50% of patients with DH were 
positive for IgA anti-TG3 antibodies. This suggests that factors 
other than IgA anti-TG3 antibodies are important in the dis- 
ease pathogenesis of DH. It is knoNvn that IgA is present in 
DH skin for years and does not correlate with disease activity.* 
Circulating TG3 antibodies may fluctuate with gluten intake, 
intestinal inflammation or trauma to skin, and may be an indi- 
cation of disease activity only at the time of serum collection. 
Fiuther studies to correlate IgA anti-TG3 antibodies in patients 
with DH with disease parameters including disease duration, 
gluten intake, disease severity and dapsone dose are warranted 
to investigate this issue rurther. 

In the TG2 studies wc noted thai both adults with DH and 
adults wiih CD h^d coMip^irable levels of IgA anti-TG2 anti- 
bodies. This is similar 10 previously reported studics.^^'^^ 
Interestingly, our pacdiamc CD population had higher levels 



of IgA anti-TG2 antibodies (P < 0 001) compared with adults 
with DH and CD. As expected, the serum IgA anti-TG2 levels 
of patients with psoriasis. Red Cross blood donors and paedi- 
atric controls were within the normal range. Rare patients 
with psoriasis have been said to have CD causally related to 
their psoriasis but this apparendy did not influence our 
data.^*'^^ These data provide further support for the evaluation 
of IgA anti-TG2 antibodies in patients with DH and CD and 
indicate that children with CD may have higher levels of these 
antibodies than their adult coimterparts as well as adults with 
DH. These results warrant additional, larger studies in adidts 
and children with CD specifically addressing any differences in 
IgA anii-TG2 or TG3 antibody levels, and any correlation of 
the antibody levels to severity of disease, duration of disease, 
or level of gluten restriction. 

In smnmary, our data show the first evidence that progres- 
sive expansion of the epitope-binding profile of IgA antitrans- 
glutaminase antibodies may be the reason for development of 
DH in patients vsrith undiagnosed GSH during their adult life. 
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Epidermal Transglutaminase (TGase 3) Is the Autoantigen of 
Dermatitis Herpetiformis 
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Abstract 

Gluten sensitivity typically presents as celiac disease, a common chronic small intestinal disor- 
der. However, in certain individuals it is associated with dermatitis herpetiformis, a blistering 
skin disease characterized by granular IgA deposits in the papillary dermis. While tissue trans- 
glutaminase has been implicated as the major autoantigen of gluten sensitive disease, there has 
been no explanation as to why this condition appears in two distinct forms. Here we show that 
while sera from patients with either form of gluten sensitive disease react both with tissue trans- 
glutaminase and the related enzyme epidermal (type 3) transglutaminase, antibodies in patients 
having dermatitis herpetiformis show a markedly higher avidity for epidermal transglutaminase. 
Further, these patients have an antibody population specific for this enzyme. We also show that 
the IgA precipitates in the papillary dermis of patients with dermatitis herpetiformis, the defining 
signs of the disease, contain epidermal transglutaminase, but not tissue transglutaminase orkera- 
tinocyte transglutaminase. These findings demonstrate that epidermal transglutaminase, rather 
than tissue transglutaminase, is the dominant autoantigen in dermatitis herpetiformis and ex- 
plain why skin symptoms appear in a proportion of patients having gluten sensitive disease. 

Key words: gluten sensitive enteropathy • ceHac disease • IgA • immune complex • skin 



Introduction 

Gluten sensitive enteropathy (GSE)* is evoked and main- 
tained by gluten, the adhesive mass of water-insoluble pro- 
teins found in many cereals. The clinical appearance of 
GSE is typically celiac disease (CD), a common chronic 
small bowel disorder; however, in certain individuals it is 
associated with the skin disorder dermatitis herpetiformis 
(DH). This is a bullous skin disease with polymorphic pap- 
ules and blisters typically located over the extensor surfaces 
of the major joints and characterized by granular IgA de- 
posits in the papillary dermis. Gastroenterological symp- 
toms in DH are generally mild or clinically completely ab- 
sent (1), however, inflammatory small bowel changes can 
often be found by histological examination even in the ab- 
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ology, Scnimclweis University, H-1085 Budapest, Maria u. 41, 
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*AbhrciniJtions used in this paper: AU, arbitrary' unit(s); CD, celiac dis- 
ease; CI, confidence interval; DH, dermatitis herpetiformis; EM A, 
cndomysinni Ab; GSD, gluten sensitive disease; GSE, gluten sensi- 
tive eiucropathy; TG, transglutaminase; TCc, ti:isuc (cellular, type 2) 
transj;lucaminasc; TCc, epidemial (type 3) transghitaniinase; TGk, kcrati- 
nocyte (t>'pc 1) cransgiutaminasc; TGx, r\'pc 5 tninsglutaniinase. 



sence of clinical signs. The enteropathy in is morpho- 
logically identical with that in CD suggesting identical or 
very similar etiology and pathomechanism in both DH and 
CD (1). Further, both occur in the same genetic back- 
ground being primarily associated with the HLA class II 
genes HLA-DQAr0501, DQBr02, and to a lesser extent 
with the HLA-DQA1*03, DQB1*0302 genes (for a re- 
view, see reference 2). 

Both CD and DH patient sera show a typical IgA stain- 
ing pattem when applied to tissue sections containing re- 
riculin fibers such as endomysium. Recendy, tissue trans- 
glutaminase (TGc, EC 2.3.2.13) was shown to be the 
predominant autoantigen in these sections (3, 4) and ELISA 
tests based upon tliis protein have been shown to be useful 
for the diagnosis of GSE (5, 6, 7, 8). TGc is a member of 
the transglutaminase (TG) family, which in man consists of 
nine distinct proteins present in a wide variety of cell types 
(Table I; references 9-27). TG family members show con- 
servation especinlly of certain enzymatically relevant do- 
mains (10, 19). The active members catalyze a posttransla- 
tional modification linking low molecular weight amines to 
proteins, or induce an isopeptide bond between or within 
polypeptide chains leading to a cross-linked supramolecular 
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Table L Comparison of Transglutaminases (References 9-27) 



TG 

Gene name 

Chromosomal 
localization 



FXIIIa 
F13At 
6p24-25 



TGk 



TGMt 



TGc 



TGM2 



14qn.2 20qn-12 



TGc TGp TGx TGy TGz Band 4.2 



TGM3 TGM4 TGM5 TGM6 TGM7 EPB42 



20qn 3p21-22 15ql5.2 20qn 15ql5.2 15ql5.2 



Number of 
amino acids 
without the 
1. Methionine 



731 



816 



686 



692 



683 



719 



706 



709 



690 



Molecular 
weight (kD) 

Primary 
molecular 
features- • 



Exists as zymogen 

with 2 
catalytic a subunits 
and 2 b subunits 



~106 



Exists as 
zymogen, 
both cytosolic 
and 
membrane 
associated 



'^78 



Monomelic 



Exists as 
zymogen 



-^77 



'^Sl 



^79 



-^80 



^72 



Monomeric Monomcric Unknown Unknown Monomeric, 
(occurs as lacks enzymic 

splice activity 
variants) 



Presence in 
the skin 
(mRNA) 



Yes 



Yes 



Yes 



Yes 



No 



Yes 



No? 



Yes 



Yes 



Presence in Blood plasma, platelets, Keratinocytes, Widespread Mouse: brain. Prostate Widespread Unknown Widespread RBCs, 



other cells. 

tissues, 
or organs 



monocytes-macrophages, epithelial cells 
hepatocytes, in strati6ed 



chondrocytes, 
placenta 



squamous 
epithelia. 
endometrium, 

ducts of 
pancreas and 
mammary 
^ands 



stomach, 
spleen, 
small intestine, 
esophagus, 
testis, 
skeletal 
muscle. 
Human: kidney 
and lung. 



only 



platelets, 
fetal liver 
and kidney, 
adult brain, 
adult kidney? 



FXIIIa, Victor XIII a-subunit; TGy, transglutaminase type 6; TGz, transglutaminase type 7; band 4.2, erythrocyte protein band 4.2; RBC, red blood cell. 



protein network (for reviews, see references 9 and 11); fur- 
ther, under special circumstances they are also able to deam- 
idate glutamine residues. 

The discovery of TGc as the main endomysial autoanti- 
gen foiled to explain why only a proportion of gluten sensi- 
tive patients show symptoms of DH and whether there is a 
difference in the antigenic repertoire between CD and 
DH. By comparing the Ab responses to skin transglutami- 
nases we could show that CD and DH are diseases where 
the main autoantigens are distinct but share common 
epitopes. Tliis explains the similarities in pathology while 
also clarifying why certain gluten sensitive patients present 
with dermatological symptoms. 

Materials and Methods 

Mass spectromctr>', SDS-PAGE, and cndomysium Ab (EMA) 
tests were pcrfomicd as described previously (8). 



Production of Recombinant Human Transglutaminases. Human 
TGc was expressed recombinandy in the human embryonic kid- 
ney cell line 293-EBNA as a COOH-terminal fusion protein 
with the eight amino acid Strep II tag, and purified via streptavi- 
din affinity chromatography as described previously (8). 

To express human epidermal (type 3) transglutaminase (TGe), 
a method similar to that for TGc was used. Total RNA from hu- 
man keratinocytes was reverse transcribed and the cDNA coding 
for the TGe proenzyme amplified by PGR using the forward 
primer 5'-ATTAAGCTTGCCGCCACCATGGCTGCTCTA- 
GGAGTC, and the reverse primer 5'-ATTGCGGCCGCTT- 
CGGCTACATCGATGGACAAC. The forward primer intro- 
duced a Hindi II restriction site and a Kozak translation initiation 
sequence while the reverse primer inserted a Notl restriction site 
and removed the stop codon. The PGR product was digested 
with the Hindlll/NotI restriction enzymes and inserted at the 
same restriction sites into the cpisonial cukar^'oiic expression vec- 
tor pGEP-Pu/TGc/C-Strcp (8), producing pGEP-Pu/TGc/ 
C-Srrep. The correct insertion and sequence of the full construct 



748 TGe as Autoantigen in Dcnjiiititis Herpetiformis 



Published March 18. 2002 



was verified by cycle sequencing. The plasmid was electroporated 
into human embryonic kidney cells (293-EBNA; Invitrogen) and 
tiansfected cells were selected with puromycin. Expression of the 
proenzyme, which has an additional COOH-terminal Strep II fii- 
sion tag, was confirmed by immunoblotting using a rabbit poly- 
clonal serum raised against the Strep II tag (IBA). The protein was 
isolated by affinity chromatography using StrepTacdn® (IBA) as 
described previously (8, 28). 

Transglutaminase Activity Assay. TGe and TGc activity was 
measured by incorporation of [l,4--'H]putrescine as described 
previously (8). The TGe was activated by partial proteolytic di- 
gestion preincubating it 20 min at 3/*C together with either 45.4 
fig/ml (0.5 U/ml) proteinase K (Sigma- Aldrich), or 45.4 jig/ml 
(55.4 U/ml) trypsin 1:250 (Sigma-Aldrich), or 1.18 mg/ml (1 U/ml) 
dispase (Life Technologies). 

Production of Rabbit Sera against Human TGe. Rabbits were 
immunized with the COOH-terminally ta^ed human TGe 
proenzyme. TGe Abs were affinity purified by binding to Sepha- 
rose 6B (Amersham Pharmacia Biotech) coupled TGe and tested 
for cross-reactivity against TGc, kerarinocyte TG (TGk), and fee- 
tor XIII. 

Sera and Patients. All patients had been examined at the Gas- 
troenterological Departments of Internal Medicine or Pediatrics 
and the Department of Dermato-Venereolc^ of Semmelweis Uni- 
versity, Budapest. The diagnosis of CD was confirmed by EMA 
positivity and jejunal biopsy while DH was proven by skin biopsy 
using both conventional and immunohistochemical techniques. 
Sera were obtained firom 59 patients with DH (including 43 sam- 
ples fi-om untreated patients, and 16 fi-om patients on a complete or 
incomplete gjuten-free diet) and 104 with CD (including 36 sam- 
ples fiom untreated patients, and 68 fi*om patients on a complete or 
incomplete gluten-fi-ee diet). Sera from 79 patients with non-CD 
gastrointestinal diseases, 47 with other diagnoses, and 30 from 
healthy individuals including 20 healthy relatives of CD patients 
were also included. Mean ages and sex ratios of the patients are de- 
tailed in Table II. No individual in this study had IgA deficiency. 
All scrum samples were stored at — 78**C until assayed. 



TGe and TGc EUSAs. The ELISA mediod was as for the 
human TGc and described previously (8). Briefly: 96- well micro- 
titer plates (MaxiSorp; Nunc) were coated with 1 (ig per well of 
either human TGc or TGc in 100 \jA of 50 mM Tris/HCl (pH 
7.5) containing 5 mM CaCl2 at 4**C overnight (at least 9 h). No 
blocking was used. After each step the wells were washed by 50 
mM Tris/HCl (pH 7.5) containing 10 mM EDTA and 0,1% 
Tween 20 (TET). Sera were diluted to various concentrations 
with TET, and incubated on the plates for 1.5 h at room temper- 
ature. Bound IgA was detected by peroxidase-conjugated Ab 
against human IgA (Dako), diluted 1:4,000 in TET, and incu- 
bated for 1 h at room temperature. The color was developed by 
100 \k\ of 60 jJig/ml 3,3',5,5'-tetramethylbenzidine substrate in 
100 mM sodium acetate (pH 6.0) containing 0,015% H2O2 at 
room temperature. The reaction was stopped by adding 100 jil of 
20% H2SO4. For the TGc. the color reaction was always stopped 
after 5 min; for the TGe, it was stopped after 15-20 min accord- 
ing to kinetic measurements so that the OD of the standard se- 
rum reached at least 0.6, but did not exceed 1.1. The absorbance 
was read in an ELISA reader at 450 nm. All serum samples were 
examined in tripHcate, and triplicates of a negative and two posi- 
tive reference sera were included in each assay. The Ab concen- 
trations were expressed in arbitrary units (AU), i.e., as percent- 
ages of one of the positive reference sera. To semiquantitatively 
compare the IgA levels measured in the TGc and TGe ELISA as- 
says, the standard serum was assayed in an identical manner 
against wells coated either with TGe or TGc. These were com- 
pared with standardized amounts of human IgA (Sigma-Aldrich). 
The protein coating efficiency of the ELISA plates was first deter- 
mined by BCA protein quantification (Pierce Chemical Co.). 

Inhibition ELISA, The ELISA method was as described 
above, but before their addition to the coated ELISA plate, the 
test sera were diluted to a fixed concentration and incubated with 
a dilution series of TGc or TGe. Sera and protein were mixed to- 
gether for 90 min in a shaking incubator at 37*C. The fixed se- 
rum dilution was chosen in each case to obtain the greatest OD 
difference between the IgA Ab titers of the sera with and without 



Table 11. Tlie Patients' Number , Sex, Age at the Time of Blood Sampling, and Serum Ab Concentrations Against TGc and TGe 



Median Ab cc. ag^nst 
TGc (in AU) 



Median Ab cc. against 
TGe (in AU) 



Diagnosis 


No. of 
patients 


Male/ 
female 


Mean age (yr) 
(min.-max.) 


Median 


95% CI 


Median 


95% CI 


CD 


104 


40/64 


12.5 (0.9-66) 










CD, untreated 


36 


12/24 


17.8 (1.4-66) 


88.1 


68.2-98.1 


65.8 


47.6-96.1 


CD, on a GFD 


68 


28/40 


9.7 (0.9-34.3) 


22.7 


16.6-41.0 


20.3 


15.2-26,6 


DH 


59 


31/28 


30.8 (6.2-73.5) 










DH, untreated 


43 


23/20 


32.8 (6.2-73.5) 


63.3 


54.8-77.6 


70.1 


54.6-75.7 


DH, on a GFD 


16 


8/8 


25.6 (10.3-45) 


24.3 


18.0-68.1 


27.8 


21.3-43.6 


Controls 


156 


75/81 


10.2 (0.5-55.5) 


11.1 


10.7-11.7 


13.6 


12.6-14.7 


Gl diseases 


79 


40/39 


5.4 (0.5-27.6) 


11.0 


10.4-11.4 


12.6 


10.4-14.4 


Other diagnoses 


47 


22/25 


11.0(0.7-53.2) 


11.2 


10.3-12.5 


13.6 


12.8-14.9 


Healthy individuals 


30 


13/17 


21.9(0.7-55.5) 


13.0 


9.8-14.7 


15.4 


13.6-18.4 


All snniplcs 


319 


146/173 


14.8 (0.5-73.5) 











cc, coiureiuncions; GFl^, gJuten-free diet; CI. gasironncsrin.M. 
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preincubation (1:500-1:4.000 for inhibition of the TGc ELISA, 
1:125-1:1,000 for the TGe ELISA). These diluted sera were then 
incubated with a dilution series containing different amounts of 
TGc or TGe in 160 jil TET. The color reaction was stopped at 5 
min for the TGc-coated ELISA and 15 min for the TGe ELISA. 

Affinity Purification of Patient Abs Directed Exclusively against 
TGe, TGc or TGe was coupled to CNBr activated Sepharose 
4B, 50 \ig of coupled protein per patient sample was used in the 
purifications descnbed below. 80 pi of serum was diluted 1:10 
with 10 mM Tris (pH 7.5) and was circulated over a TGc col- 
umn for 1 h. For a number of high titer samples the efficiency of 
anti-TGc Ab depletion was assayed at this step. To obtain TGe 
specific Abs and remove any traces of TGc immunoreactivity, the 
flow through now depleted of TGc reacting Abs was then ap- 
plied to a TGe column in the same manner. The TGe columns 
were washed with 250 jiJ of 10 mM Tris (pH 7.5) followed by 
250 \jA of 10 mM Tris, (pH 7.5) containing 0.5 M NaCl. Bound 
Abs were eluted with 250 \l\ 100 mM glycine (pH 2.5) or 250 \l\ 
100. mM triethylamine (pH 11.5) direcdy into 250 \l\ 1 M Tris 
(pH 8.8). These solutions were then dialyzed against PBS (pH 
7.4). The Abs eluted from the TGe colunm were tested in the 
TGc and TGe ELISAs as described above. 

Direct Immunofluorescence. 6-(Jim cryostat tissue sections of hu- 
man jejunal biopsy samples, human skin, or the aboral part of 
monkey esophagus were used for staining. Bound IgA was de- 
tected by a-chain specific, aflSnity purified, FITC-conjugated, 
goat anti-human IgA Abs (Sigma- Aldrich) at a dilution of 1:100 
in phosphate-buflfered saline (PBS, pH 7.4). 

For localization of TGe, the affinity purified rabbit antisera 
raised against the recombinant TGe proenzyme was diluted 1:100 
in PBS, followed by incubation with Cy3-labeled goat antisera 
raised against rabbit immunoglobulins (Sigma- Aldrich), diluted 
1:800 in PBS. For TGc and TGk, mouse mAbs (Neomarkers, 
Ab-3 [a mix of mAbs CUB7402 and TGIOO], and Biomedical 
Technologies, mAb BC.l, respectively) were diluted 1:100 and 
1:50 in PBS followed by incubation with Cy3- or FITC-labeled 
sheep anti-mouse Abs diluted 1:800 or 1:400, respectively. 

Statistics. The optical densities (and thus titers given in AU 
values) had Gaussian distribution neither in the control group nor 
among CD or DH patients, thus for description of Ab concentra- 
tions, medians with their 95% confidence intervals (95% CI) are 
presented (29). For description and comparison of the two ELISA 
systems, the areas under the receiver operating characteristic 
curves are given. For comparison between patient groups, Mann- 
Whimey's nonparametric, unpaired, two-tailed test is shown 
(30). To describe the correlation of titers, the Spearman's correla- 
tion coefficient with its 95% CI and correlation analysis for un- 
paired data of nonnormal distribution was used (29, 30). For 
comparison of the TGc and TGc Ab inhibition assays, Wil- 
coxon's two-tailed signed rank test for pairs was performed (30). 



Results 

Production and Purification of Recombinant TGe 

The human TGe was expressed in the 293-EBNA hu- 
man embryonic kidney cell line as a fusion proenzyme with 
the Strep 11 tag. Tlic protein was purified in a single step, 
and eluted as one 80 kD band when visuahzed by Coo- 
massie-staining after SOS-l^AGE (Fig, 1). The molecular 
mass calculated for the trigged human TGe proenzyme is 
78.0 kD (the COOH-renninal tag having a mass of 1.2 



TGe TGc 




Figure 1. SDS-PAGE analysis of TGc 
and TGe after purification. Positions of 
molecular mass standards (kD) are indi- 
cated on the left. Arrows show the start 
and end lines of the gel. 



kD). Although the recombinant human TGc and TGe 
have approximately the same calculated molecular mass 
(78.4 kD for TGc), the human TGc migrated slower than 
expected when visualized by SDS-PAGE (8; Fig. 1). Mass 
spectrometry of the TGe fusion protein gave a molecular 
mass of 77.8 kD. The yield from the lysate of a confluent 
cell monolayer in a cell culture dish of 13 cm diameter was 
'^100 jJLg of purified protein. In cell lysates, the activity of 
the recombinant human TGe was 2.5 times higher than the 
background activity of transglutaminases present in un- 
transfected 293-EBNA cells. The freshly purified human 
TGe proenzyme showed ^^2% of the activity of the same 
amount of human TGc. The human TGe activated with 
diflferent proteases (proteinase K, trypsin, or dispase) 
showed similar or higher activity than the TGc, which is 
similar or higher than the activity of the commercially 
available guinea pig TGc enzyme (Sigma- Aldrich). 

CD and DH Patient Sera Contain IgA Abs against TGe and TGc 
We have previously described a TGc ELISA based upon 
the human recombinant protein (8), ELISAs were per- 
formed against TGe or TGc using the same antigen con- 
centration for coating, serum dilution, and positive and 
negative reference sera. As signals in the TGe ELISAs were 
for every serum significandy lower than against TGc, color 
development in the TGe ELISA was allowed to continue 
3-4 times longer than that in the TGc ELISA until the pos- 
itive reference serum reached similar ODs in both ELISAs. 
The results are expressed as a percentage (AU) of the signal 
of the positive reference serum in both assays. These ELISA 
results show that patients with both DH and CD have se- 
rum IgA Abs reacting against TGe and TGc (Fig. 2). To al- 
low a comparison of the levels of IgA directed against ei- 
dier TGc or TGe, the reference sennii (100 AU in the 
above assays) was assayed under identical conditions upon 
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Figure 2, Analysis of serum anti-TGe and anti-TGc IgA. Serum con- 
centrations of IgA Abs (in AU) against human TGc (A) and TGe (B) in 
healthy individuals (H), other controls (CTRL), patients having untreated 
CD or DH, as well as those on a complete or incomplete gjuten-free diet 
(CDG and DHG, respectively). 100 AU con-esponds to 16.78 fig IgA/ml 
of scrum in the TGc ELISA and 2.45 \ig IgA/ml in the TGe ELISA. 



TGe and TGc coated ELISA wells in parallel to wells 
coated with a known amount of IgA. The anti-TGc IgA 
signal corresponded to 16.78 JJLg/ml of serum while the 
concentration of anti-TGe IgA in the positive reference se- 
rum was 2.45 |xg/mi. In the TGe ELISA, the mean intra- 
and interassay coefficients of variation for the positive stan- 
dard serum used for AU calculation were 2.7 and 19.1%, 
respectively. The mean intra- and interassay coefficients of 
variation (using Ab concentrations given in AU) for the 
other sera tested in the human TGe ELISA were 4.7% (« == 
334) and 16.4% (n = 74), respectively. 

The median Ab concentrations (in AUs) from the TGe 
and TGc ELISAs with their 95% CIs are presented in Ta- 
ble II. Although the confidence inter\'als overlapped, the 
median Ab concentration against TCc was significantly 
higher in CD than in DH patients (P = 0.0188). How- 
ever, there was no significant difference in the Ab levels 
against TGe between CD and DH patients. The median 
Ab concentrations against TGc and TCc were significantly 



higher in untreated CD or DH patients when compared 
with the controls (P < 0.0001 in each case). Diffi;rences 
between the control subgroups were not significant. Both 
CD and DH patients had reduced Ab activity against TGe 
when on a ^uten-free diet, results similar to those ob- 
served for TGc Abs. 

The two ELISAs showed good linear correlation (rj = 
0.851, 95% CI: 0.818-^.878, P < 0.0001, data not shown). 
Indeed, the human TGe ELISA seemed to be suitable for 
diagnosis of GSE. The area under the receiver operating 
characteristic curve was 0.982 (in the TGc ELISA it was 
0.997). In the TGe ELISA, a cutoff value of 23.7 AU, cho- 
sen based upon the analysis of the receiver operating char- 
acteristic curve, gave a specificity and a sensitivity of 92.3% 
(95% CI: 88.9-95.7%) and 92.4% (95% CI: 89-95.8%), re- 
spectively. The coincidence of the human TGe assay with 
the clinical diagnosis of CD or DH was 217/235 (92.3%), 
giving 12 false-positive and 6 false-negative results (Fig. 2 
B). Four of the false-negative patients had DH, two of 
them were EMA negative. All the other DH or CD pa- 
tients were positive for EMA, 

For comparison, the TGc ELISA using a cut-off value of 
18 AU (8) gave in this study a specificity and a sensitivity of 
94.2% (95% CI: 91.2-97.2%) and 98.7% (95% CI: 97.2- 
100%), respectively. The coincidence of the human TGc 
assay with the clinical diagnosis was 225/235 (95.7%), giv- 
ing one &lse-negative and nine fidse-positive results (Fig. 2 
A). The false-negative serum and three of the false-positive 
sera were also falsely detected in the TGe ELISA, 

These results suggest that either GSE patients have Abs 
cross-reacting between different transglutaminases or that 
specific Abs against both TGc and TGe occur in GSE and 
that Abs directed against TGe, as those against TGc, are 
maintained by the ingestion of gluten. 

Inhibition ELISAs Show Differences in Ab Avidity to TGe 
between DH and CD Patients 

To discover the significance of Ab cross-reactivity be- 
tween these enzymes wdthin the two patient groups, we 
performed inhibition studies. ELISA plates were coated 
with either human TGc or TGe, and the patient sera were 
preincubated with various concentrations of either of the 
two transglutaminases. Initial experiments allowed us to 
find appropriate serum dilutions giving results within a hn- 
ear range for the given ELISA. The degree of inhibition 
produced by the preincubation with either of the two pro- 
teins was compared with control samples where the sera 
had been preincubated with buffer alone. The results are 
presented as reduction in the optical density given as per- 
centage of the controls. Two examples of these inhibition 
ELISAs performed over a range of inhibitor concentrations 
with typical CD and DH sera are shown in Fig. 3. For 
group analysis of 36 CD and 34 DH patients, results of in- 
hibition with 32 ng and 1 jxg of the relevant transglutami- 
nase are shown in Fig. 4. 

Inhibition of Abs against TGc. We analyzed 34 sera of 
DH patients and 36 CD patients. The sera were dikitcd as 
described above and preincubated with human TGc or TGe 
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Figure 3. Transglutaminase inhibition 
ELISAs. typical examples of inhibition 
curves. Each diagram shows the eflfect of 
preincubation on the remaining IgA Ab re- 
activity in one single serum sample from a 
patient with untreated CD (A and C) or 
DH (B and D). On the vertical axis is the 
remaining IgA Ab reactivity against TGc (A 
and B) or TGe (C and D) given in percent- 
age of the buffer control, on the horizontal 
axis are inhibitor amounts on a logarithmic 
scale used for preincubation. The control 
was preincubated with buffer only, the 
other samples with a serial dilution of TGc 
(continuous line) or TGe (dashed Hne). The 
TGe is seen to be an effective inhibitor of 
IgA Abs against TGe only in DH patients 
(D), but not in individuals with CD (C) (see 
group analysis in Fig. 4, statistics in the 
text). TGc has the greatest inhibitory effect 
on IgA Abs against TGc in CD patients (A). 



in various concentrations before addition to ELISA wells 
coated with TGc. While incubation with even such low 
amounts as 32 ng of TGc (always in a volume of 160 pJ, see 
Materials and Methods for details) effectively inhibited the 
reactivity of the sera from both the DH and CD patients 
with the coated TGc, the TGe Med to block the TGc re- 
activity (Fig. 3, A and B). Only at very high concentrations 
(above 10 fig) did preincubation with TGe produce any in- 
hibition in the TGc ELISA (data not shown). There was no 
significant difference in the inhibition when comparing the 
results firom DH or CD patient groups in these experiments. 
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Inhibition of Abs against TGe. Sera firom DH and CD 
patients were diluted to the chosen dilution and preincu- 
bated with TGc or TGe before addition to ELISA wells 
coated with TGe. Here the human TGe, at 32 ng, effec- 
tively inhibited the reactivity of sera firom DH patients with 
human TGe (Figs. 3 D and 4), but failed to inhibit that 
firom CD patients (Figs. 3 C and 4), At higher concentra- 
tions, the inhibitory effect of preincubation with TGe in- 
creased with sera firom DH patients and also a slight inhibi- 
tion of the reactivity of sera firom CD patients occurred 
which was more apparent upon the addition of very high 
amounts of TGe (up to 8 |xg, results not shown). The dif- 
ference between CD and DH patient groups upon inhibi- 
tion with TGe was highly significant (P < 0.0001; Fig. 4). 

At low concentrations, the human TGc produced only 
very marginal inhibition. However, when at high concen- 
trations (at or above 1 jJig), it could inhibit the reactivity of 
IgA Abs to TGe in both disease groups (Fig. 3, C-D, and 



Figure 4. Effect of preincubation of sera from patients with CD (m = 36) 
or DH (f? = 34). On the vertical axis, remaining IgA Ab reactivity against 
TGe is indicated in percentage of the buffer control. The four dot diagrams 
on the left show the inhibitory effect of preincubation with 32 ng of TGc 
(c) or TGe (c) on the remaining Ig.'X Ab reactivity of sera from patients 
with CD and OH. The four dot Ji;ii;ryjns on the right demonstrate the 
same using 1 p.g of TGc or TGc for preincubation. The asterisks on top of 
connecting lines show the degree of significance in the difference between 
the two groups of samples so linked: */» < 0.05: •*P < 0.01; ***P < O.OOt . 
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Fig. 4), although CD sera were more strongly inhibited 
than DH sera (P ^ 0.0054). These results provide evidence 
of various IgA Ab populations directed against both com- 
mon and diflferent epitopes on the two molecules and sug- 
gest that in DH patients there are IgA Abs with a high 
avidity directed against TGe. 

Purification of TGe Abs from DH Sera 

To discover if there are Ab populations exclusively di- 
rected against TGe present in either DH or CD patients, 
we affinity purified TGe specific Abs firom patient sera. 
Sera firom 20 CD patients and 18 DH patients were applied 
to columns of Sepharose 4B to which TGc had been co- 
valendy coupled. To test the efficiency of the removal of 
TGc Abs firom the sera, the flow through firactions firom 
this column were compared with a dilution series of the 
starting sera. This was performed for a number of high titer 
sera and showed a reduction of the TGc titer by some 98- 
99%. To isolate and-TGe IgA, the immunodepleted (flow 
through) fraction was applied to columns carrying TGe, 
and afiier washing, the Abs binding to TGe were eluted. 
The eluates were compared with the unprocessed, precol- 
umn sera for anti-TGe and anti-TGc immunoreactivity in 
the relevant ELISAs. 

The removal of TGc immunoreactivity was highly effec- 
tive with the eluates fi-om the TGe column showing litde 
or no reactivity in the TGc ELISA (Fig. 5). In the TGe 
ELISA, however, the eluates firom DH patients showed in 
almost all cases significant levels of TGe immunoreactivity, 
while those of CD patients generally failed to give a signal 
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Figure 5. AfEnity purification of the Ab popiibtion directed against 
TGe. Sera from CD and DH patients were circubtcd over columns of 
Sepharose 4B to which TGc had been covalendy coupled. The irrunu- 
nodeplcced fraction was then applied to coUiinns carrying TGc. Unpro- 
cessed serum samples (S) and eluates from die washed TGe column (El) 
were compared for TGc and TGc inimunorcacrivity. The depletion 
worked with high efficiency and there was litde or no reactivity in the 
TGc ELISA. In the TGc ELISA, the eluates from DH patients showed 
.siiinifjcam levels of TGe imniunorcactiviry, while those of CD patients 
generally failed to give a signal. Hence paiienLv with DH have significant 
levels of Abs directed specifically agiiinsl TGe which do not cross react 
with TGc, these Abs arc absent in CD, 



(Fig. 5) displaying clear evidence for the existence of a 
TGe-specific Ab population which is usually present in 
DH but absent from the vast majority of CD patients. 

TGe h Present within the IgA Precipitates in DH Skin 

The antigenic component of the granular IgA precipi- 
tates occurring in the skin of DH patients was investigated 
for the presence of transglutaminases. A rabbit antiserum 
directed against the tagged human recombinant TGe 
proenzyme was produced and the specificity of the purified 
antiserum was verified in ELISA and immunoblots. This 
serum gave no cross-reaction with human TGk or factor 
Xllla and a slight reactivity to human TGc, which was ap- 
proximately a 100-fold lower than that to TGe. In normal 
human skin, the anti-TGe Ab stained solely the epidermis 
in a tapering manner being most intensive in the upper ke- 
ratinocyte layers and quite diflferent to the expression seen 
for TGc (results not shown). In addition to the epidermal 
signals, identical to those seen in normal skin, immu- 
nostaining of the skin from 8 DH patients with this antise- 
rum revealed that TGe is found in aggregates within the 
dermal papillae (Fig. 6, A and C). This staining could be 
blocked efficiently by preincubation of the sera with TGe 
but not TGc or TGk (results not shown). Dual staining for 
the presence of IgA showed that TGe and IgA colocahzed 
within these precipitates (Fig. 6 A) while TGc and TGk 
were absent firom the aggregates and had the expression 
pattern seen in normal skin (TGc: Fig. 6 C; TGk: not 
shown). To verify that an alteration in the TGe staining 
pattern is a specific finding for DH skin, skin from patients 
sufifering from linear IgA dermatosis was also analyzed. In 
this disease, IgA also accumulates within the skin but binds 
to the dermo-epidermal basement membrane. Here no 
TGe staining of the dermis or at the basement membrane 
was found and no colocalization with the IgA signal oc- 
curred (Fig. 6 B). Hence the IgA precipitates found in DH 
are immunocomplexes containing TGe which accumulate 
specifically in this disease. 

Discussion 

CD and DH are closely related diseases both induced by 
a sensitivity to gluten. As they share an identical jejunal pa- 
thology, genetic background, similar pathomechanism, 
common diagnostic analysis, and shared dietary possibilities 
for therapy, we suggest the term "gluten sensitive disease" 
(GSD) for both of these forms of condition showing mani- 
festation on gluten challenge, disappearance of symptoms 
on gluten withdrawal, and recurrence of disease upon glu- 
ten intake. Both forms of GSD can be subdivided into clin- 
ical manifestations of different severity, as they can also 
present with unspecific or even absent clinical signs or 
symptoms. Moreover, epidemiological studies show that 
the majoricy of GSD patients actually have ver\' mild or 
atypical symptoms or often clinically silent disease (31). 

GSD is the result of three processes culminating in the in- 
testinal mucosal damage of CD and in the skin defects of 
DH. Both arc heredi table conditions with stronj;; associa- 
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Figure 6. Colocalizadon of IgA and TGc in the papillary dermis of DH patients. (A) In DH patients, TGc shows normal distribution pattern in the 
epidermis; tvpical precipitates are present, however, in the upper dermis. In these precipitates, the TGe (red) and the IgA (green) colocalize as visualized 
with a confocal microscope (yellow). (B) The TGe prccipiutcs are absent in linear IgA dermatosis, a bullous skin disease with linear IgA precipitates in 
the upper deniiis, suggesting that TGc deposits are specific markers for DH. In addition, this also demonstrates the absence of cross-reactivity of anti-TGc 
Abs with IgA. (C) The TGc (and the IgA, data not shown) precipitates do not colocalize with TGc. 



tions to identical HLA haplotypes; however, it does not ap- 
pear that genetic factors alone decide the clinical outcome as 
monozygotic twins may exhibit any combination of mani- 
fest CD, DH, or clinically silent GSD (1, 32) proving envi- 



ronmental factors are also significant. The main environ- 
mental factor in GSD is the ingestion of gluten in cereals, 
however, Abs against these proteins are not perfect diagnos- 
tic markers for the disense and are found in a range of other 
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gastrointestinal disorders without any evidence that they pby 
a pathogenic role in these conditions (33, 34). However, the 
third factor, namely that the patients' immune system pro- 
duces Abs reacting with the endomysium, is found present 
in every form of GSD and is highly specific (35). The stan- 
dard serological diagnosis for GSD depends upon the stain- 
ing of endomysial tissue with IgA Abs, and it was shown that 
the antigen within these sections is TGc (3, 6, 7, 36, 37). 
The presence of autoantibodies to TGc has been shown to 
be linked to disease activity with the titer decreasing when 
patients are placed upon a gluten firee diet and increasing 
upon subsequent gluten challenge (6, 7). Our aim was to 
understand why GSD appean as two distinct clinical entities. 

Our initial hypothesis was that there was immunoreactiv- 
ity specifically in the DH patient population against a fiir- 
ther transglutaminase expressed in the skin. Four trans- 
glutaminases have been isolated firom the skin, TGe and 
TGk are both produced by epidermal cells, as is TGc, 
which is also found together with factor Xllla in the dermis. 
To discover if any of these proteins are antigens in DH we 
produced ELISAs based upon human transglutaminases. Ini- 
tial ELISA studies using human recombinant TGk as well as 
the commercially available human factor Xllla showed that 
there was no specific immunoreactivity in either CD or DH 
patient sera against these enzymes (results not shown). 
However, both patient groups had Abs recognizing TGe as 
well as TGc. The results firom the TGc and TGe ELISAs 
showed a good correlation and indeed the specificity and 
sensitivity of the TGe ELISA came close to that of the TGc 
based test. However, in CD patients, the median Ab con- 
centration against TGc was higher than against TGe, and 
this was reversed for DH patients (Table II), although be- 
cause of the overlapping confidence intervals this tendency 
carmot be judged to be a true distinction. Further, the im- 
munoreactivity for both proteins and in both disease groups 
showed a reduction in titer when the patients were placed 
upon a gluten free diet. This is in agreement with known 
clinical improvement seen in DH patients on a gluten free 
diet and the common background of both diseases. 

Members of the transglutaminase family share a high de- 
gree of sequence conservation especially in their active 
sites. In the case of the TGe and TGc there is an overall 
conservation of 38% at the amino acid level, but with up to 
64% homology in certain regions (19). Phylogenetically, 
TGe and TGc seem to be more related to each other than 
to TGk or factor Xllla (10). Cross-reacting Abs against 
TGc or TGe in GSD patients are therefore not surprising; 
however, we could use ELISA blocking experiments to 
show differences in avidity for the different TGs between 
the two patients groups. As expected, TGc inhibited the 
reactivity of the sera from both CD and DH patients in the 
TGc ELISAs showing that anti-TCc immunoglobulin spe- 
cies are present in both diseases. In the TGe ELISA, how- 
ever, inhibition with TGc could be invoked only in DH 
patient sera suggesting the presence of high affinity anti- 
TGe Abs in DH, and the presence of only of low affinity 
TGe reactive Abs in CD. Recently three new members of 
the TG gene family, type 5 tnnsglutaminase (TGx), TGy, 
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and TGz (Table I), have been described (10). We were un- 
able to test these transglutaminases in our study, thus the 
possibility of cross-reactivity with other TGs cannot be 
completely excluded. 

Our results prove the presence of two Ab populations in 
GSD, one against only TGe (detected in patients with DH 
only, see Fig. 5), and one directed against common 
epitopes of TGe and TGc (detected in both CD and DH, 
see Fig. 4). A third population against only TGc may also 
be present, but was not investigated. As shown by the dif- 
ferences in the IgA levels against TGc and TGe in the stan- 
dard serum, the concentration of IgA Abs directed against 
epitopes present on TGe is much lower than that directed 
against TGc. This means that both in DH and CD patients, 
only a fraction of the Abs directed primarily against TGc 
have cross-reactivity with TGe. In addition, DH patients 
develop a higher avidity Ab population directed against 
only TGe. This Ab fraction also is much smaller than that 
against TGc. This explains why there is no apparent differ- 
ence between sera of CD or DH patient groups in either 
the TGc or TGe ELISAs (Fig. 2, A and B) and why the 
TGc and TGe ELISA results from patient sera correlate. 
While the Ab population directed against only TGe (found 
in DH patients and having high avidity), can be inhibited 
with very small amounts of TGe, those primarily directed 
against TGc, (having low avidity against TGe) can only be 
inhibited with high amounts of TGe. Accordingly in DH 
patients typically a two-step inhibition curve is seen (Fig. 3 
D). This further explains why preincubation of CD serum 
(which has littie or no high avidity TGe Abs) with TGc has 
a greater impact on reactivity to TGe than preincubation 
with TGe itself (Fig. 3 C). 

While affinity purification of sera of GSD patients 
showed that the presence of TGe-specific IgA is a hallmark 
of DH rather than CD, a small number of patients (10%) 
deviated from the bulk of results in both the blocking assay 
and in their behavior upon purification. These DH pa- 
tients, having Ab response characteristic for CD, might 
currendy be showing transition from CD into DH. The 
CD patients, behaving rather as expected for DH patients, 
might be expected in later life to show symptoms of DH, if 
they continue gluten intake. 

The diagnosis of DH depends upon the finding of IgA 
deposits within the dermal papillae, and in the majority of 
patients EMAs can abo be detected (38). The latter is typi- 
cally shown with the labeling of the endomysium, which 
has earlier been shown to colocalize with the TGc staining 
pattern (6, 37), Our observation that the major Ab popula- 
tion both in CD and in DH is directed against TGc, sup- 
ports the finding that the endomysial signal seen on mon- 
key esophagus is of TGc origin and indeed we found that 
TGe was present only in the epithelial cells of monkey 
esophagus, but not in the endomysium (results not shown). 
The epidermal staining pattern with the TGe antiserum 
supported previous reports on its distribution (39), TGe 
being present in the epidermis in a tapering manner, with 
maximum staining of the upper epidermal layers. It was 
also found present in hair follicles. In DH skin, the epider- 
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mal and hair follicle staining was indistinguishable from that 
seen in normal skin, but the dermal IgA containing aggre- 
gates also stained strongly for TGe. TGc, which was found 
present in the basal keratinocytes, was absent from these ag- 
gregates. 

Our hypothesis for the etiology and pathogenesis of DH 
is that TGc-gluten complexes initiate an IgA autoantibody 
response (40), but &il to produce high affinity anti-TGc 
immunoglobulins, so resulting initially in a silent CD. 
These Abs cross react with TGe, but are of low avidity to 
it. Afrer prolonged gUadin provocation (DH patients usu- 
ally show symptoms later in hfe than CD patients), specific 
cross-reacdng Ab populations develop in patients who will 
go on to acquire DH. These Abs have a low affinity to 
TGc, but extremely high affinity to TGe. Whether they 
arise against TGe as a primary antigen or are the result of 
epitope spreading cannot be answered at the moment. 
Why only a proportion of patients develop specific Abs 
against TGe and why these patients show only a very mild 
form of enteropathy also remains to be elucidated. 

We speculate that the skin pathology may be evoked by 
the dermal deposition of circulating immune complexes 
containing IgA and TGe. Possibly the TGe is active, result- 
ing in covalent cross-linking of the complex to certain der- 
mal structural elements. This could be the basis for the sta- 
bility of these immune complexes, as it is known that the 
IgA deposits in DH skin stay detectable up to a decade afrer 
the introduction of a completely gluten-free diet (1). It 
would also explain why it has not been possible to extract 
the IgA immune complexes from the skin of DH patients. 
Inflammation of the skin might eliminate the covalendy 
bound immune complexes. Indeed ofren the IgA granules 
are present perilesionally but not in areas of blister forma- 
tion. This circulating immune complex hypothesis for DH 
is supported by a number of findings. First, TGe is ex- 
pressed in several tissues in the body (Table I), and thus the 
antigen might originate from organs other than the skin. 
We failed to detect TGe in the human jejunum with our 
rabbit antiserum (results not shown), although the mRNA 
for the TGe proenzyme was demonstrated in mouse jejunal 
tissue extracts (17). We did, however, detect TGe mRNA 
in other human organs including the kidney (results not 
shown). Further, the skin histology in DH has features in 
common with other dermatoses induced by circulating im- 
mune complexes (41), and although the main site of im- 
mune complex deposition is the upper dermis, they are also 
present in vessel walls. In DH, asymptomatic IgA immune 
complex depositions can be detected in the kidney (42), a 
situation ofi:en seen in systemic diseases caused by circulat- 
ing immune complexes, and indeed DH-associated IgA 
nephropathy has been reported (43). The fact thnt Abs in 
DH sera do not bind to the normal human papillary dermis 
again suggests that the deposits derive from circulating im- 
mune complexes. The factors that induce the classical dis- 
tribution prittern of skin lesions in DH patients, localized 
mainly on extensor aspects, are as yet unknown. Here, 
however, we have shown that high affinity anti-TGe IgA 
maintained by gluten is present in DH patiencs and not in 



patients suffering from CD and that TGe is present in the 
skin IgA aggregates typical of DH. 
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